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I. INTRODUCTION

In 2009 the World Health Organization [1] recognized radon exposure as
the second cause for lung cancer, after smoking. For never-smokers it was pointed
out as reason number one. This grasps the essence of extensive radon measuring
campaigns and epidemiological studies made in the previous decades [2-4]. As a
result radon was recognized as one of the most dangerous environmental factors.
However, the story of the radon’s threat can be traced back to 15™ century, thus
making it perhaps “the most ancient” one from the radiation stories. Extensive
silver mining started in Schneeberg, Saxony, Germany at about 1470. Somewhat
later, in 1516, similar mining activities commenced in Joachimsthal (now
Jachymov, Czech republic). The first report about unusually high mortality of
miners from a mysterious sickness was from Paracelsus in his book about the
“Bergsucht” and other miner’s diseases [5]. This book was written in 1537 but
published after the death of Paracelsus, at 1567. Paracelsus labeled this disease as
“Mala Metallorum”. Agricola, who served as a physician in Jachymov in 1527-33
described the mining practice at that time in his famous book “De Re Metalica”
[6]. The sickness was identified in 1879 as malignant tumors of the lung [7],
further classified as bronchial cancer. At that time the cause of death of about
75% of the miners in Schneeberg was lung cancer.

The cause of this high lung cancer morbidity remained mysterious for a
long time. Schuettmann [8] has concluded that H. E. Mueller, a mining director in
Zwickau, Saxony first raised the hypothesis of possible causality between
radium in ores and radon in mines’ air, and lung cancer in miners. This
hypothesis received an experimental support after more precise radon
measurements were carried out in Schneeberg [9] and Jachymov [10]. However,
the calculations of the bronchial dose by radon itself didn’t reveal a dose that is

sufficient to explain the high lung cancer morbidity [11].



The radiologically important radon isotopes are members of long
radioactive families. The most important ones are ?Rn, a member of **®U family
(Fig. 1.1.) and ?*°Rn (or thoron) of **Th family (Fig. 1.2.). Once produced after
the decay of radium (**Rn is decay product of *Ra and “*Rn of “*Ra), the
inert gas radon can easily migrate through cracks and pores of the soil/rock.
Radon-222 gives birth to short lived progeny, which includes #®Po, #**Pb and
214gj + 2Mpg (because of its very short half-life ?*Po is always in equilibrium
with Bi and is not considered separately). Respectively, %°Rn decays to %*°Po,
212pp and *?Bi + #?Po/?%TI (see Fig. 1.2.). It was not until 1951 that William F.
Bale [12] realized that the short lived decay products of radon are the factor that
delivers high lung dose. It is interesting to note that as early as in this report Bale
foresaw the problem of indoor radon, stating that his calculations suggest “that
bronchial epithelium receives the highest radiation dosage of any human tissue
under background conditions” [12]. It was quite an insightful remark up -
nowadays, exposure to radon-222 is considered a serious health problem and
large scale investigations and radon measuring campaigns have been organized
worldwide. In the last years the interest to thoron (**Rn) is also increasing [13,
14].

In Bulgaria there is a century-long tradition of radon measurements [15].
Since 1907 with hardly any interruption radon and later radon progeny have been
measured in mineral spas, in underground mines, in the human environment and
in laboratory research. While most of the published work in this field in Bulgaria
up to date comes from the University of Sofia, by far the largest number of radon
and radon progeny measurements have been made by the work-place radiation
monitoring of uranium industry in Bulgaria [16]. After cessation of the uranium
industry the radon measurements were focused on the environmental
consequences of this industry and on studies in risk regions.

The author was involved in radon dosimetry in 1986, first as a health

physicists in uranium industry. After 1990 the methodological research was
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expanded towards problems raised by the increasing concern in radon exposure of

the human population [17, 18]. The extensive epidemiological studies in the last

two decades gave direct evidence for the radon risk of the human population and

led to the decision of the International Commission on Radiological Protection to

increase almost twice lung cancer risk coefficients for radon exposure [19].

In this thesis the author comprises his contributions to solve several

problems related to radon. The output presented here is in the following

directions:

Methodological research on diffusion chambers with solid state
nuclear track detectors (SSNTDs) for integrated measurements of
222Rn. This includes study of properties of the used SSNTDs,
investigations related to automatic counting of tracks, theoretical
and experimental study of the distribution of *’Rn progeny inside
the chamber volume and traceability of the measurements;
Methodological research on grab sampling and integrated
measurements of 2’Rn progeny and *°Rn progeny. Development
and application of a method for integrated measurements of the
individual concentrations of 2*Po, #*Pb and ?Bi+***Po, as well as
of 22Pp and ?*?Bi+**?Po;

Comprehending Bulgarian miners’ radon exposure data and using
it in bio-medical research;

Identification of radon risk areas in Bulgaria and organizing
dedicated radon surveys. These areas include the town of
Rakovski, the village of Eleshnitsa and the regions affected by the
uranium industry near Sofia.

Proposal of a new method for radon measurements based on radon
absorption in bisphenol-A based polycarbonate materials.

Theoretical and experimental study of this “polycarbonate” method

11



and its potential applications for measurements of **’Rn in air,
water and soil-gas.

On the basis of the polycarbonate method proposal, research and
application of new method for retrospective 2Rn measurements,
based on the use of home stored CDs/DVDs. These are made of
bisphenol-A based polycarbonate material that can serve as radon
detector. Theoretical and experimental study of this method.
Proposal and experimental study of a method for retrospective
measurements of thoron (*°Rn). It is again based on the use of
CDs/DVDs stored indoors.

Theoretical and experimental study of a method for radon
measurement based on a radon absorber/radiator and coupled with
it external SSNTD.

12
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Il. METHODOLOGICAL ASPECTS OF INTEGRATED
MEASUREMENTS OF ?%’Rn BY DIFFUSION
CHAMBERS

I1.1. Solid state nuclear track detectors (SSNTDs) as a tool for

radon measurements.

The technique of SSNTDs is perhaps the most widely used one in radon
detection. It is based on the property of some dielectrics to “keep” for a long time
defects in their structure that are created by heavy ions (in case of radon alpha
particles are of primary interest). The first observation of such latent tracks was
that of Young [20]. The applications boosted after extensive research and
development carried out in the General Electric laboratories in 1960s [21]. In the
past in Bulgaria this technique has been applied in nuclear research [22] and in
geological exploration of uranium deposits [23]. The application of SSNTDs for
environmental radon measurements in Bulgaria was initiated in the beginning of
1990s [24]. The first kind of SSNTD used for these measurements was that of
Kodak-Pathe LR-115 type Il. To utilize this technique in the Laboratory of
Dosimetry and Radiation Protection at the University of Sofia substantial work
was performed [25, 26]. The etching procedure, utilized for this kind of detector
was as follows: Chemical etching with 10% solution of NaOH at 60° C for 120
min. After that the detectors are washed in water for 30 min and left (without
agitation) for 2 min in 50% volume solution of ethanol. After the detectors dry
out, the tracks are counted. In the first applications track counting was done
visually - by a transmitted light microscope. Early studies were devoted to study
the LR-115/11 response to a-particles [25]. To create a track that will be etched
the incident alpha particle should have energy and angle of incidence within the

range that is specific for the particular kind of detector and etching conditions
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[26]. The response function is described by the dependence of the registration
efficiency on the energy and incident angle of alpha particles. The profile of the
experimentally obtained in our laboratory response function is shown in Fig. I1.1
[25].

e\Wciency \ Y%\

Figure 11.1. The energy and angular response of Kodak Pathe LR-115 type Il
after etching with 10% NaOH at 60° C for 120 min. Visual counting by
transmitted light microscope was applied. The efficiency is the ratio (per unit

surface area) of etched tracks to the incident alpha particles.

The visual track counting is time and labor consuming. This is a technical
limitation for large scale applications. Therefore, from the very beginning
implementation of methods for automatic track counting was targeted. The
attempts to adopt such methods developed by other authors [22, 27] revealed, that
they don’t cover the entire range we are interested in. The financial limitations
hampered utilization of the commercially available image analyzers [28]. To

overcome the limitations and to make a step ahead the obstructed total internal
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reflection (TIR) of a laser beam was employed [29]. Figure 11.2 illustrates the
physical concept. A laser beam incident on the smooth surface at angle 6>6,
(6p=arcsin(n™), where n is the reflective index of the medium and 6y is the angle
of TIR) undergoes a TIR. The etched tracks are “crater-like” defects on the
surface, and the TIR condition is disturbed. First this approach has been used by
Harvey and Weeks [30, 31] for 2 mm thick CR-39 detectors. We modified it to
make the approach usable for thin Kodak-Pathe LR-15/11 detectors. For that
purpose a laboratory system was designed and constructed (in the Technical
University, Varna), which is schematically shown in Fig. 11.3. A 1 mW He-Ne
laser of regulated (by the beam expander BE) beam width was used. The laser
beam passes the beam splitter (BS). The part of the beam reflected by the BS is
used by the laser beam intensity control (LBIC) system to compensate the
instability of the laser beam. The SSNTD is placed (by immersion liquid) in
optical contact with the prism P, so that the sensitivity surface of the detector
looks to the microscope M. The photo-multiplier PM is installed on the
microscope, and is operated as a photometer in photon counting mode. The
experimentally obtained response, as a function of the track density, is given in
Fig. 11.4. The response is linear to about 5x10* cm™, and increases sub-linearly to
about 5x10° cm™, where full saturation is reached. The saturation at high track
density is due to the overlap of the images of the individual tracks. This version
can be used for measuring track density in the range 10° — 10° cm (the relative
uncertainty is about 50% at 500 cm™ and decreases to about 10% and less at
>2000 cm’).

A

Figure 11.2. The principle of track registration by obstructed TIR.

"/
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Counter by

Hv

M

LBIC

BS

SENTD

BE

Figure 11.3. A scheme of the equipment. Legend: L — laser tube, BS — beam
splitter, BE — beam expander, LBIC — laser beam intensity control, P — prism, M —
microscope, PM — photo multiplier, HV — high voltage. In the counter block the
number of impulses from PM is divided by a factor proportional to the reference

signal given by LBIC, and the result is displayed numerically.
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Figure 11.4. Dependence of the mean signal on the track density, obtained in
experiments with obstructed TIR of a laser light. Track density range: (A) 0 —
5x10* cm™; (B) 0 — 5x10° cm™.
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A direction for substantial progress in automatic counting of chemically
etched track detectors was opened with the utilization of high resolution computer
scanners. First attempts in this direction started in the late 90-ies [32].

In 2004 a high resolution computer scanner EPSON Perfection 1650 Photo
(1600x1600 dpi and 24-bit RGB color resolution) was successfully used to count
chemically etched tracks both in transmitted light and in reflective mode [33]. The
transmitted light mode was employed with Kodak-Pathe LR-115/11 detectors. The
tracks were counted with a dedicated computer code, following the procedure:

e From the scanned RGB bitmap image only the green component is
analyzed. This is because of its highest contrast in the studied cases;

e An average density value (this is the pixels’ intensity) and its standard
deviation are calculated for the whole scanned field to estimate the
background density;

e A threshold density value is then determined according to the background
density and its standard deviation;

e All pixels are then successfully examined and all compact regions of
pixels with density greater than the threshold density value are counted as

tracks.

With this algorithm we have observed almost perfect correlation between

automatic and visual track-counting modes (Fig 11.5.).
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Figure 11. 5. Comparison between results obtained by visual track counting and
automatic counting by a computer scanner of tracks in SSNTD of Kodak Pathe
LR-115 type Il

One principal practical goal of the research of the response and automatic
track counting of Kodak Pathe LR-115/I1 was to use it in the design and practical

applications of diffusion chambers for integrated measurements of 2?Rn.

11.2. Diffusion chambers for radon measurement.

11.2.1. Diffusion chambers for measurements in air

Diffusion chambers with solid state nuclear track detectors (SSNTDs)
inside are one of the most commonly used instruments for integrated
measurements of “’Rn [34]. A photo of diffusion chambers used in the author’s
laboratory is shown in Fig. Il. 6. In plastic chambers the ?’Rn gas enters the
chamber through a polyethylene membrane that stops *’Rn progeny (***Po, **Pb
and **Bi + *Po) and should also stop *°Rn and **°Rn progeny. In metal
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chambers ??’Rn gas finds its “way through” small gaps that exist along the edge of
the chamber cap. Inside the chamber ?*’Rn gives birth to its progeny atoms that
diffuse in air and are deposited on the inner walls. Alpha particles emitted from
222Rn, #%po and ?*Po bombard the SSNTD surface and create tracks.

Figure 11.6. Photo of two types of diffusion chambers used for practical
investigations (left — metal chamber, right plastic chamber). The SSNTDs in both
are Kodak Pathe LR-115 type Il films.

Diffusion chambers with SSNTDs are extensively used for radon
measurements in the environment [34, 35]. Their application for environmental
studies in Bulgaria started in the 90s and raised many methodological questions
that needed to be addressed, in order to warrant reliability. The size and
construction of the diffusion chambers and the material of which they are made
could vary. Therefore, it was necessary to perform a dedicated research of the
physical processes in diffusion chambers that are of significance for creation of
the track signal of the radon detectors.

The calibration factor (CF) of the chamber (CF=net track
density/integrated “’Rn concentration) depends on the source geometry — this is
the distribution of the alpha emitters in the chamber volume and deposited
progeny atoms on the inner surface of the wall. The computer simulations of other

authors [36, 37] have shown that the distribution of radon progeny atoms on the
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internal wall of the chamber is non-uniform and this affects the response of the
chamber. Overall, our research was focused on the following:
e Calibration to **’Rn. Study of the sensitivity to *’Rn. Traceability
to a primary %*Rn standard;
e Numerical modeling and experiments on the physical processes
that are of importance for the diffusion chambers’ response;
e Analytical solution of the mathematical problem of #2Rn progeny

distribution in the volume of a cylindrical diffusion chamber.

To ensure the diffusion chambers’ traceability to primary radon standard
collaboration was built with Laboratoire National Henry Becquerel (LNHB) at
CEA-Saclay, France. The employed approach was based on direct use of primary
and secondary “*’Rn standards.

11. 2. 2. Traceability to a primary “Rn standard

The primary standard designed and constructed at LNHB-CEA, Saclay,
France was used. It is based on *’Rn condensed on a cold disk with well-defined
size [38] and alpha counting in a defined solid angle. The alpha particles are
counted by a surface barrier detector placed directly opposite the source. The

source activity measured by the system is:

A=f (I1.1)

where A [Bq] is the activity, n is the counting rate [s™'] in the 5.49 MeV alpha
peak of ?Rn. The quantity G is a “geometry factor”, which is equal to the
proportion of emitted alpha particles that are registered, provided that any alpha

particle that falls on the detector surface is registered.
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In the general case, the geometry factor and its uncertainty are calculated
numerically by a dedicated computer code [39] that takes into account the
“source-detector” geometry of the standard. It has been demonstrated [38] that the
combined relative uncertainty (1 SD) of the determined activity is 0.5%.

After the absolute measurement is conducted and radon is re-vaporized,
the gas is transferred to a container to provide secondary gas standards. The
relative standard uncertainty of the ?Rn activity in this secondary standard is of
the order of 0.5%.

Having a precisely known ?’Rn activity makes it possible to calibrate
radon measuring instruments in a radon chamber without the need of a reference
instrument, provided that the chamber volume is precisely calibrated and its bias
due to the instruments placed inside is either negligible or can be evaluated. For
an activity A of the standard transferred into volume V, the integrated activity

concentration 1, for exposure time tey, is [40]:

1-exp(—At,,,)
— A T Rl 1.2
A Py (11.2)

The radon chamber used was 1 m® BACCARA radon chamber developed in
CEA-Saclay, France. A photo of this chamber is shown in Fig. 11.7. In our
calibration experiment the activity at the start of exposure was A = 13.90 £ 0.07
kBg. The exposure time was 101.50 + 0.02 hours. The corresponding integrated
activity concentration was 1, = 988 kBg h m™. The combined relative uncertainty
of this value was 1.1% [40].
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Figure 11.7. A photo of BACCARA reference radon chamber.

The laboratory equipment used in this experiment fits the requirements for
a reference system for test atmospheres with radon (STAR) that are specified in
the recent IEC standard [41]. The diffusion chambers exposed were the plastic-
ones, shown in Fig. 11.6.

According to the CF definition: CF=n/ls, where ny is the area track
density. The combined uncertainty of CF was determined according to Ref. [42]

and is given by:

U (CF) _ [(u(n,))" (u,)Y (11.3)
CF n, ) |

Visual track counting by a transmitted light microscope was employed.

The average CF of the plastic chambers used in this experiment (see Fig. 11.6,
right) was CF = (1.97 + 0.08) cm kBq™ h™ m®. The CF here is expressed in
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conventional units. However, one can note that its dimension is in fact the
dimension of length. If the track density is expressed in cm™ and the integrated
222Rn activity concentration in Bq s cm® = cm™, then the CF is obtained in
cm?/cm™=cm (CF in units of length is sometimes referred as “sensitivity” of the

chamber). The relation between the numerical values in these units is as follows:

CF (cm) = 0.2778 Cr (cm™? kBq™* h™ m®). (11.4)

In units cm the obtained Cg is 0.577 = 0.022 cm.

11.2.3. Study of the physical processes in diffusion chambers.

The ??Rn progeny atoms generated inside the chamber by the parent *’Rn
are distributed in the volume as well as deposited on the internal walls. This
complicates the source geometry that is defined by the distribution of the alpha
emitters 2Rn, “*®Po and #*Po. Monte Carlo simulations [43] have revealed that
the uncertainty in sensitivity due to the unknown fraction of deposited radon
progeny may approach 30% for cylindrical chambers of radius greater than 3 cm
and of height greater than 4 cm.

In the theoretical studies we were focused on cylindrical geometry, as all
diffusion chambers we have used are of cylindrical or close to cylindrical shape.
Our first approach to the problem was by numerical modeling [44]. The model
used considers diffusion of ”’Rn progeny atoms in a cylindrical cavity. The
process was assumed to be stationary which is reasonable, because the time of
exposure of diffusion chambers is much longer than the time needed for reaching
equilibrium between ?Rn and its progeny (3-4 h). The stationary problem is

described by the equations:

DAn, —An; + 4,,n,, =0, (1.5)
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where i=0,1,2,3 refer to %?Rn, **®o, ?*Pb and #“Bi, respectively (but the
equations start with i=1), n; are the atom concentrations, A; are decay constants
and D is the diffusion coefficient, which is assumed to be the same for all of the

2Rn  progeny. The symbol A denotes the Laplacian operator (
o> o o°

A= + + por ). In cylindrical coordinates, in which angular dependence is
z

aXZ ayZ

missing due to the cylindrical symmetry of the problem, it takes the form
2
A=l 03, 0
ror\_ or) oz°

A numerical modeling of the diffusion process in the cavity has been performed.

The numerical modeling of the influence of the progeny atoms’ reflection and
recoil from the walls revealed that it is negligible [44]. After the distribution of
22Rn progeny atoms concentration was obtained, the deposited fraction was

calculated as 1- f;, where f; is the volume fraction of the i-th decay product:

Aijnidv
f,=—" , (11.6)

VR NY,

where V is the cavity volume. This fraction was calculated for cylindrical
chambers of different diameter and height. The modeling was performed for
different values of the diffusion coefficient of ?2Rn progeny atoms in air, which
were reported in the literature. The modeling revealed that the deposited fractions
of ?*Pb and ***Bi are close to 100%, while that of ®Po can vary in wider range.

The results obtained for 2**Po are illustrated in Fig. 11.8.
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Figure 11. 8. Deposited fraction of ®Po atoms as a function of the diameter and
height of the cylindrical chamber. Lines of equal deposition are drawn for
diffusion coefficients of: (a) 0.054 cm?s™; (b) 0.03 cm®s™; (c) 0.085 cm? s™.
Further, an experimental study with cylindrical diffusion chambers
(diameter 8 cm and height 7.5 cm) was conducted. The diffusion chambers with
SSNTD Kodak-Pathe LR-115 type Il were exposed to an average “*’Rn
concentration of 15.2 kBq m™ for 16 days. The reference **’Rn measurements

were made with a calibrated radon monitor PRASSI, Model 5S (SILENA, Italy).
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After exposure the SSNTDs were etched in 10% NaOH at 60° C for 120 min. The
tracks were counted visually by a transmitted light microscope. The energy and
angular response of the detectors was studied prior to these experiments [25].
Under the etching conditions used, the energy window for registration of alpha
particles was 1.6-4.4 MeV and the critical angle (to the normal) was 59° — values
very close to those obtained by other authors [45, 46]. The experimental Cg
obtained for metal and plastic chambers was Cr =0.44 cm (£3.1%) and Cg =0.52
cm (£1.8%), respectively. Theoretical modeling shows that these values of Ce
correspond to deposited fraction of ?®Po-atoms of 0.93 and 0.84, respectively.
For D we considered a “typical” range of values: 0.03 — 0.085 cm® s™ [47] with a
“typical” mean 0.054 cm? s™. The experimental result for the metal chambers
corresponds to the theoretical value (f;=0.93) for “the mean” value of D = 0.054
cm? s, The 15% higher Cr measured for plastic chambers corresponds to D<0.02
cm? s, This could possibly be attributed to electrostatical forces (about 88% of
the newly generated **®Po are positive ions [47, 48]). This discrepancy should be
addressed in further studies The deviation in Cg when D varies within the 0.03 —
0.085 cm? s range, does not exceed 10% of the value corresponding to the mean
D=0.054 cm? s™. Another source of uncertainty in the Ce might be related to
different environmental conditions.

The experimental study suggests that, from methodological point of view,
metal chambers are better choice than plastic ones. Therefore, a new experimental
study was carried-out to utilize metal diffusion chambers for practical use. The
metal diffusion chamber consists of tin can with a tin cap. In some of the cans few
holes on the side wall of the chamber were made. The holes were covered with
polyethylene foil from the inner side (Fig. Il. 6.). In addition to the
methodological advantages, the metal diffusion chambers also have advantages
from practical point of view:

e They can be used multiple times and could easily be prepared for

the next use;
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e Itis hard to destroy them accidentally during exposure;
e Some SSNTDS, like Kodak Pathe LR-115 type Il can be damaged
by the sunlight during exposure. Metal chamber keeps the

detectors safe from the sunlight.

For the experiment, 11 metal diffusion chambers were constructed. They were of
dimensions &75/80 mm. Nine of them were with perforated holes on the wall,
covered with a diffusion membrane (polyethilenne, polyethilenne + texture). Two
of the chambers were without any holes. The scheme of the experimental set-up
used for exposure of the chambers is shown in Fig. 11.9. The tracks were counted
visually, by Nikon Eclipse E200 microscope and automatically, by two dedicated
computer codes developed in the Faculty of Physics, University of Sofia [33]. For
the visual counting at least 40 fields with equal area were randomly selected for
each detector [49, 50]. In Fig 11.10. the average track densities for the metal
diffusion chambers are given. All chambers (incl. these without holes) give

statistically consistent (after t-test) results. The calibration factor Cg obtained is as

follows:
e Visual counting: 1.90 +0.12 cm? kBg™ h™ m?
e Program 1: 1.11+0.07 cm?®kBg™* h™ m?
e Program 2: 1.14+0.07 cm? kBgt h' m?
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k

Figure 11.9. Calibration set-up for diffusion chambers. Legend: 1 — dryer, 2 —
radon source, 3 — rotameter, 5 — hermetic radon box, 5 — diffusion chambers, 6 —
reference radonometer AlphaGUARD PQ 2000 PRO, 7 — pump, 8 — computer.

In this experiment plastic chambers were exposed as well. They gave the

following average values for Cg:

e Visual counting: 2.41+0.15cm?kBg h™* m®
e Program 1: 1.50 +0.09 cm? kBg™ h™ m?
e Program 2: 1.55+0.10 cm? kBg™ h™ m?
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Figure 11.10. Net track density obtained by different diffusion chambers (labeled
J11 — J21) exposed at the same integrated ’Rn concentration. The chambers J11

and J12 are without holes in the walls.

The “surprising” fact that chambers without holes have the same Cg as
those with holes has important implications for the practice. It means that ?’Rn
gas always finds its way through microscopic gaps along the edge of the cap and
piercing holes is actually unnecessary. Therefore, diffusion chambers without
holes were chosen for practical use in our work.

One problem discussed in the last few years in the scientific literature
concerns the sensitivity of radon (**Rn) detectors to thoron (*°Rn). This is an
important problem as it appears that many commercial radon detectors are
sensitive to thoron and if thoron is present the results for radon can be severely
biased [51]. Therefore, in another experiment the sensitivity of the metal
chambers (without holes) to thoron was studied. The obtained (after visual track
counting) Cr (for thoron) was 0.096 + 0.012 cm™? kBq™ h™ m®. Therefore, the

thoron sensitivity of these diffusion chambers is only 5% of that to radon and they
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rank among radon detectors with low sensitivity to thoron [51]. More details

about thoron exposure experiments are given in Chapter VII.

11.3. Analytical model of Rn progeny distribution inside a

cylindrical diffusion chamber.

As Nikezic and Yu reported in 2004 in their review [35] the problem of
uniformity or non-uniformity of deposition of radon progeny inside the chamber
“has not been tackled yet”. To address and solve this problem, the author
proposed an analytical approach to calculate the distribution of **’Rn progeny

atoms in diffusion chambers.

11.3.1. General algorithm

The theoretical model is based on the set of equations that describe the
molecular diffusion in air of atoms of non-branching decay chain with source

activity concentration a:

on o*n, 0%n, a°n

a_tlz D( ale + ayzl + azzlj—/llnﬁa

.......................................... (1.7)
2 2 2

%:D a r;i a r;i a rll +ii—ln| 1 j‘|n|

ot OX oy oz

where a is ??Rn activity concentration (a = Aong). Eq. (11.7) is considered with

homogeneous initial and boundary conditions: ni|WaIIS =0. In the theoretical

model the following assumptions are made:

e Dis considered the same for all ??Rn progeny isotopes.
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e The effect of reflection and recoil of ??Rn progeny atoms from the wall is
neglected. Although after the alpha-decay of some 50% of ***Pb atoms
recoil back from walls in air, they are re-deposited almost entirely.

e Electric fields in the chamber are not considered.

Let’s apply the following linear transformation:

3

. :ZAU”J" (1.8)
j=1

a, =A,a,

where:

A =0,A; =1,

ij(i<))

i-1

[14

_ ki
Ao —1(—
J

R | (1.9)
A=A

After this transformation is applied, the set of equations (11.7) splits into k
independent equations:

~ 2~ 2= 2=
M _p[ N 0N O g5 a, (11.10)
ot OX oy oz

with homogeneous initial and boundary conditions. The solution of this problem
is:
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mo0y 20 = ([ [G Y.zt Em e 0E En ¢, ddmdgdr,  (1111)

Ve 7=0
where éi is the Green function of the problem [52]. Taking into account egs.

(11.8) and (11.9), the solutions for n; take the form:

=SNG ] [6.00y. 2t Em 6 Mt £ acinacor =

Ve 7=0

(] [Gutx v 2.t m¢ 003 1. P)dd mict,

Ve 7=0

(11.12)

where Gj; can be considered as the corresponding element of a “matrix Green

function”:

Gy =D AuG A, - (11.13)
k

The matrix A™ is inverse of the matrix A. The inverse matrix elements are given

by the expression [53]:

=0, A} =1, A} e (11.14)

1 _
A > i

ij(i<))

Using eqns (11.13) and (I1.14) one can obtain [53]:
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- i—1 i G
G, =G, Gy = (Hﬂﬂ JZ.—k (11.15)

I1. 3. 2. Solutions for a cylindrical chamber

A substantial part of the diffusion chambers used in practice are
cylindrical. Therefore, solutions for this case were studied in more detail.
Consider finite circular cylinder of radius R and height H. The cylindrical
coordinates r,z are used, where r=0 coincides with the axis of the cylinder. The
coordinates of the circular bottom and top of the cylinder are z=0 and z=H,
respectively. The ??Rn activity concentration is considered constant inside the
chamber. In cylindrical coordinates, without angular dependence due to the

cylindrical symmetry, the problem takes the form:

on, o’n, 1om, | o°n, - -
— =D + - + AN +a,. 11.16
& or: r or oz° KT (11.16)

The Green function for this problem, constructed by the standard methods [54] is:

G, = 2 ii\]o(’;mrjjo(?pjsin(r:_'—”zjsin(r:_'—ﬂgjem(—ﬂ,k,m(t—r))

(11.17)

where Jo and J; are the Bessel functions of zero and first order [55], xn, are zeros

of Jo and the constants L. are given by the expression:
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A9 -7 4 D(("_mj J{”_”] J (11.18)
R H

Using eqgns (11.12, 11.15 and 11.17), the following solutions for the volume

concentrations can be obtained:

Jo(m rj O
o & 1-exp(- 19, t
7T n=0 m=1 Km‘]l(Km ) H (2n +1)/1(213+1,m

ni(i>l)(r1z’t):8_a(quJz ZZ:: mJEij)Sin((z Hl) ZJX(2n+1)1&(k) mi_[?lyj;kg/)lj_ﬂk)

2n+1,m

J

For the particular case of the 2Rn progeny chain the expressions for the activity

concentrations Caj (Cai = Ain;) of %P0, 2*Pb and ?Bi in the inside air volume of

the chamber are:

J. | =™
8a \' R rj . ((2n+1)7r ijl—em(—ﬂ(ﬁﬁﬂ,mt)
(2n + 1)2’(21r)1+1,m

(11.20)
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1- exp (_ j’(Zl;1)+1,mt)

ij(2n+1)/1(") IT. .2 -4)

2n+l,m =L j=k

11.3.3. Modeling volume fractions, equilibrium surface activities and

sensitivity

Inside the chamber the #?Rn progeny atoms are distributed partly in the
air space of the cavity and partly on the internal surface of the walls. The activity
concentrations in the air space of the cylindrical diffusion chamber are given by
eqn (11.20). The activity concentrations under radioactive equilibrium are obtained
when t — . The equilibrium fraction of the i-th nuclide that is in the air volume

is:

jz n,dv jCA,dv

f, = ) 11.21
aVv aVv ( )

Using (11.20) with t — oo, the following formula can be obtained [53]:

fi=3—f(li‘[qui »3 1 | (11.22)

T 2+ 0 k2 A [T, - 4)

The set of equations that describe the atoms deposition on the surface is:
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dng,
dt

.................................... (11.23)

dng,
_dts =Dy + A4 Ngiy — AN,

= q331 - /11n51

where @; is the i-th atoms flux to the surface. According to the Fick’s law, the

flux is given by:

o, —-pM (11.24)
o0V

where dn, /Ov; is the directional derivative by the normal to the surface. For the

case of cylinder:

@, (bottom) = D, (z =0) = D(@j

0z
D (top)=D;(z = H):_D(%j (11.25)
82 z=H
@, (sidewall) = D (r = R) = _D(@ J
or r=R

After the calculations are made, the following equilibrium surface activities are

obtained:
e On the side-wall (r=R):
8Da-< 1 . ((2n+Dx Vg
L= sin Z . 11.26
ASl 7ZR g;(zn-i-l) ( H )Qnm ( )
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e On the bottom (z=0) and on the top (z=H):

8Da& &
= mR QM 11.27
ST R 0z
where:
1
o _
Qnm - /1(1)

Q® —Q®@ + e A4, LA,
" " /1(21rz+1 m (Az - 2*1 )(2*3 - 21) ﬂ“(22n)+l m (21 - ﬂ*z )(13 -4 ) ﬂ“(z?u m (21 - ﬂ“s )(/12 - /13)

(11.28)

The diffusion coefficient of “’Rn progeny in air can vary, depending on
humidity, trace gases etc. [56]. First application of the proposed model was to
study the dependence of the volume fractions f; and sensitivity on the diffusion
coefficient. In the theory of diffusion chambers the term “sensitivity” usually
refers to Cr expressed in units of length (e.g. cm). The modeling was done for a
cylindrical diffusion chamber of R=4 cm and H=7.5 cm. The sensitivity data used
[26, 44] is for this chamber with SSNTD Kodak-Pathe LR-115/11. The considered
interval for D is 0.005 — 0.1 cm? s™. This interval covers the range of D for

unattached “’Rn progeny in air [56].

The results for volume fractions f; (deposited fraction = 1-f;) are shown in

Fig. 11.11. The agreement between the present analytical approach and numerical
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modeling (described in 11.2.3.) was within 1%. The volume fraction of #**Po (f,)
varies within 4-40% over the studied range of D, while f,<5% and f;<1% so **Bi
(+**Po) atoms are practically fully deposited. The sensitivity depends on f;.
Because these fractions depend on D, the dependence of sensitivity on D can be
obtained. This dependence is shown in Fig. 11.12. To obtain it, the results from the
numerical modeling of the dependence of sensitivity on the deposited fraction of
222Rn progeny [26, 44] were combined with the present results, illustrated in Fig.
[1.11. The influence of D for the studied chamber is more pronounced for D<0.04
cm?s™,

Up to now, the experimental studies on the deposited fraction of 2?’Rn
progeny in diffusion chambers are scarce. Koo et al. [57, 58] reported f;=0.4 for
chambers made of different materials and of different size, including with size
that is close to the modeled here. The experimental sensitivity obtained in Ref.
[43] for metal diffusion chambers corresponds to volume fraction of #*Po of 0.07.
According to the present modeling, the result of Koo et al. [57, 58] corresponds to
D of about 5.10° cm? s™*, while our result of Ref. [44] corresponds to an order of
magnitude higher coefficient of diffusion. The data are not sufficient to speculate
on this difference. For instance presence of aerosol particles in the chamber
volume can change the behavior of ?Rn progeny. Some of the atoms will attach
to slowly diffusing aerosols, resulting in volume fraction that can be substantially

higher than that in case of entirely unattached %2Rn progeny.
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Figure I1. 11. Dependence of the volume fractions of (A) **®Po, (B) ?*Pb and (C)
21Bj in the air inside a diffusion chamber on the diffusion coefficient of *’Rn
progeny in air. The lines are obtained by analytical solution and the points in A

represent the results from a numerical simulation of the same chamber [44].
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11.4. Diffusion chambers designed for radon in soil-gas.

Diffusion chambers with SSNTDs have also been used for soil-gas %’Rn
measurements. The principal limitation related to the usage of SSNTDs is the
saturation effect observed at high concentrations. This can be avoided by reducing
the exposure time. However, such a decision relies on preliminary information
that the concentrations are high. On the other hand, short term measurements
made at depths < 1 m are affected by the peculiar meteorological conditions
during the exposure.

In the field work in areas affected by the uranium industry in Bulgaria we
faced the problem to measure soil gas ’Rn concentrations in wide range: from
kBg m™ to MBg m™. For concentrations > 0.5 MBq m™ the SSNTD saturation is

observed for less than two weeks of exposure. To overcome this problem, we
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have proposed the approach to place both SSNTDs and thermoluminescent
detectors (TLDs) inside the chamber.

Our arrangement employs a chamber with a SSNTD of Kodak-Pathe LR-
115/11 placed inside, together with two sets of dosimetrically thin TLDs (Fig.
11.13.). One set of TLDs is open and the other one is covered with a 20 mg cm™
plastic absorber. The used TLDs are &5 mm dishes filled with CaSO,:Dy + B4C.
The B4C admixture reduces the penetration of light through the TL material and
makes the TLDs “surface sensitive” (or “dosimetrically thin”, as they are usually
called [59, 60]). As a result, the beta and gamma sensitivity is reduced
significantly and TLDs become useful for registration of alpha particles. To
subtract the small signal due to the gamma background, the differences between
the signals from open and covered detectors are ascribed to ?’Rn. An advantage
of the used TL material is its low fading — about 5% per six months [60]. The
SSNTDs were etched at 10% NaOH at 60° C for 120 min. Calibration was made
in a 2 m® radon box at the National Centre of Metrology, Bulgaria, at an average
222Rn concentration of about 2.4x10% Bq m™.

SSNTD
absorber

plastic cup

filter

/

Figure 11.13. A scheme of a diffusion chamber with TLDs and a SSNTD placed

inside.
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Measurements by this “soil-gas chambers” were made in areas
contaminated by the uranium industry in Bulgaria [61]. The results obtained by
SSNTDs are plotted against those obtained by TLDs in Fig. 11.14. As seen, at high
concentrations the linear correlation is frustrated due to the overlap of etched
tracks (saturation effect). The advantage of using TLDs is to be able to assess
concentrations above the range in which quantitative information could be
derived by SSNTDs. As a result, the range of measurable concentrations is
substantially expanded. For instance, for one month exposure time this range is
from 100 Bq m® (SSNTD) up to 100 MBq m™ (TLD). The upper limit is
increased by more than two orders of magnitude compared to chambers with
SSNTDs only . This type of soil-gas diffusion chambers were used in a
radiological expertise about the environmental impact of the uranium mining and

milling industry in Bulgaria [24].
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111. MEASUREMENTS OF ??Rn PROGENY AND ?°Rn
PROGENY

The short-lived *Rn progeny (**Po, #*Pb and #“Bi+**Po) was
identified in 1951 as the factor that contributes to the major part of the lung dose
[12]. Since then lots of methods dealing with their measurements have been
published [62-67]. Later, an attention was also given to measurement of %°Rn
progeny (the isotopes **?Pb and *?Bi+**?Po/*®®TI) [68]. Radon and thoron
progeny atoms in the air originate from the parents: ??Rn and ?°Rn and exist in
two fractions [69, 70]:

e “Unattached” fraction of nanometric clusters. Their diameter is
usually in the range 2-15 nm;

e Attached to aerosol fraction. Their diameter ranges between 40-
400 nm.

The deposition pattern in the bronchial three and the relative importance
for the dose of these two fractions is different. A number of methods for the
differential measurements of the two fractions have been developed. Mostly, the
methods employ the difference in their diffusion characteristics [71]. The review
of these methods is out of the scope of this thesis.

In this chapter we focus on the following research problems :

e Development of a generalized algorithm for data
processing of grab-sampling measurement of #2Rn progeny
and ?°Rn progeny:

e Design of short lived alpha-sources of energy 6.0 MeV and
7.69 MeV suitable for calibration of ??Rn progeny
detectors;

e Development of a method for integrated measurements of

22Rn progeny and *®Rn progeny, suitable for
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measurements of the individual isotopes at environmental
concentrations. Test of the method under laboratory and

real conditions.
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I11.1. General mathematical algorithm for data processing of grab

sampling measurements of ?’Rn and “°Rn decay products.

The methods for measurement of ?’Rn and *°Rn progeny concentrations
in air include air sampling on aerosol filter and counting (in most cases a-
counting) measurements of the filter in different time intervals [62-68]. If a-
spectrometry is applied, the a-counting is made in different energy regions (or
ROl — “regions of interest”). The “aerosol” radioactivity in the ambient air
consists of the following components:

e Rn short-lived progeny. Usually this component dominates in
the total a-activity concentration [18];

e ?®Rn progeny. This component usually is much smaller than that
related to Rn and can dominate only in some peculiar cases;

e Long-lived radioactive aerosols. These can be both natural (e.g.
210pp, 2%yg etc.) and manmade. As a whole, the activity
concentration of this component is orders of magnitude lower than
that of the first two components [18]. Therefore, the third
component will be ignored in the next considerations.

The equations, expressing the growth and decay of “*Rn and #°Rn progeny on

the filter are:
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dN
dtl =nQnO(T —-t) - A,N,;

dN,
dt
dN

dt

=nQn,O(T —t) + 4,N, —4,N,;

3_ _ —
=nQn,O(T —t)+ A,N, — ;N (111.1)

dN,
dt
dN,
dt

=nQn,O(T —t) - A,N,;

=nQn,O(T —t) + 4,N, — A, N,.

where the first term at the right hand of (111.1) describes sampling (fromt=0to t
=T) and O is the Heaviside function (©(x>0) = 1, ®(x<0) = 0), 7 is collection
efficiency of the filter, Q is the air flow-rate, N; is the number of the atoms on the
filter and n; are the atom concentrations in the air. The indices refer to : i=1
(*®Po), 2 (**Pb), 3 (*“Bi), 4 (***Pb) and 5 (***Bi). In **Rn progeny
measurements the first decay product after 2°Rn (**°Po) is usually ignored due to
its short half-life (0.15 s).

Further, the general Bateman solution for the radioactive decay chains [72, 73] are
adopted for the considered problem [74, 75]. If one substitutes:

N, =N,;

N, = % N, +N,;
/11_2“2

N, = LU N, + Z N, +N,. (1n.2)
(ﬂ“l _ﬂs )(ﬁz _ﬂs) ﬂz _/13

N, =N,;

N5:l445N4+N5
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Then, the variables l\~li satisfy the independent equations:

=R -0 - AN, (11.3)

The relations between fiand n is the same as between N and N. The solutions

with zero initial conditions are:

nQ ﬁi
A

N, (t) = f.(t), (111.4)

where:
f(0) = 1-ep( 4B ~t)+(@(4T)-Lep(-A4t)Ot-T). (115

If the background is ignored (which is reasonable for a-counting, in most cases)

the counting rate C(t) at the moment t can be expressed as:
. 5 5
C(t) =D AN, ®) =D x (1), (111.6)
i=1 i=1

where & is the detection efficiency for the detected radiation that originates from
the i-th nuclide. fi(t) are the functions given by eqgn. (I11.5) and the parameters X;

are linearly dependent on the activity concentrations Ca;i (Cai = Ainj):

5

X, => RiCpy (In.7)
j=1

where R;; are the elements of the matrix:
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1 A, M, j
— + g 0 0
11[1 (/11 ﬂ“z) 2 (ll_/lz)(ﬂ“l_is) 3
1 A 1 A
R=1mQ p £ {g - gj 0
(2“1 ﬂ“z) 2 (’11_12)12 j“3)3 /12 2 (’12_13) 3
4 g L £ ig
(jﬁ_/%s)/iz_is) 3 (/12_]'3) 3 ls 3
Lot
—l &, - & 0
R= 4 (}“4_15)
R=nQ 1 iy
(14_ﬂ'5> 5 /15 5
(111.8)

The matrix R may be considered as a direct sum of two matrixes: (R — 3x3
matrix (;R;j=R;j when i<3, j<3) and R — 2x2 matrix ({Rj = Rjj when i=4,5 and
j=4,5) i. e. R=R® (R. It should be noted that, in some cases, R can be singular.

However, if both inverse matrices R and (R exist, then:
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R=R'® R* (111.9)

The components of the inverse matrix, if it exists, are:

R™ 0
RY=|" . | where
0 R

t

A= 2 Y~ 20) ,
g, =2, —A,)- 5,1( A,)+ €4,
R = 1 _/’liﬂ’ 2‘1 i‘) 2’2(2'2_2'3)
r 77Q ‘91(/11_/12)(21 j“3) & 2(21 23)+83ﬂ,2/13 ‘92(/12_2“3)_832“3
11222'3 _22/13
81(/11 - 12 )(21 - j“3)_ ‘9212 (21 _/13)"' 83/1213 & (Az _ﬁ“s)_ 832“3

2'4(14 _2'5)
Rt = i 54(/14 _/15)_8515
t nQ — A A

‘94()”4 —25)—852,5 &y

(11.10)

The counts obtained during the k-th measuring interval, that starts at t,"

and ends at t? can be expressed as:

1@

C, —IC(t)dt—ZHkJ O (111.11)

{

where:
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)

Hy = .f f; (D)dt, (LIL.11°)

t®
The formulas (I11.4 — 111.11) can be incorporated in data processing of practically
all counting methods for 2Rn progeny and/or *’Rn progeny measurements. This
will be demonstrated for the case of a-counting methods for 222Rn progeny

measurement.
111.1.1. Applications for @-counting methods for ?’Rn progeny

In most situations in the reality the activity concentration of *’Rn progeny is one
— two (or more) orders of magnitude higher than that of “°Rn progeny [14].
Therefore, in many cases in the environment and working places “°Rn progeny
can be ignored as being of secondary importance and methods estimate only Caa,
Ca2 and Cas. Some caution is needed, however, to verify whether this assumption
is reasonable and the results for “*Rn progeny are not biased because of

significant presence of ?°Rn progeny.
111.1.1.1. Gross alpha-counting methods.

The most popular methods used in practice employ air sampling through a filter
and gross a-counting of the filter in three different time intervals [e.g. 62, 63]. In
the case of alpha counting & = 0. In addition, usually equal counting efficiency (g;
= g3 = ¢) is assumed for 6.0 MeV and 7.69 MeV, but this assumption should be
considered as conditional [76]. In case of counting in three time intervals the
parameters x; can be obtained by the expressions that follow from eqgn. (111.11):

3
X =Z;Hii_lci , (IN.12)
j=
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where H™ is the inverse of H matrix. Respectively, Caj can be obtained as follows:
3 3 3
C, :ZrRiJflxj :ZZrRi}lHi}le' (1. 13)

The uncertainty in Ca;, due to the counting statistics is given by the expression
[74]:

3

u(CAi){ZZ Ric Ri.lcov(xk,x.)} : (111.14)

3
k=1 1=1

The covariance between xi and x; with Poisson statistics of the registered counts

and counting in different, not overlapping intervals is:
3

Cov(X,,%)=> HaH.C . (111. 15)
m=1

That is, the resultant expression for the uncertainty due to the counting statistics
is:
k=1 1=1 m=1

3 3 3 1/2
uC (I3 R R, | (11.16)

Other a-counting methods employ measurements in more than 3 intervals [65]. In
these methods x; parameters are estimated through the weighted least squares

method. They are found as solutions of the equations [74, 75]:
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Zsl[ZHz:k’ jx,- =Zn:Hki- (111.17)

Respectively: Cov(x;,X;) = K:*, where K is the inverse matrix of the matrix

i ij

with elements:

H, H,.
K9 (111.18)
k

Kijzzk: c

After that Ca; and u(Capi) can be calculated by eqns (111.13) and (111.14).
111.1.1.2. Alpha spectrometric methods for ?Rn progeny

In these methods counting is performed in two spectral ROI: The ROI around 6.0
MeV is that of alpha particles of **®Po and the ROI around 7.69 MeV of #*Po
alphas. In the first channel only €; # 0, while in the second g3 = 0. If counting is in
a vacuum chamber & = &3 = geometry efficiency. Only the matrix R@,
corresponding to the second channel, is regular. The alpha counts in the k-th

channel registered in the i-th counting interval are:

3
CO =S HIOXY (111.19)
j=1

Where i=1,2...n (n > 3), k=1,2. The index “i” starts with counting intervals in 6.0
MeV ROI and continues with these at 7.69 MeV ROI. It is different for the
different time intervals as well as for identical intervals, but corresponding to

different channels. It is helpful to substitute:

3 3
Hy =Y S H® RW RO, (111.20)

Iv r'Yy
1=1 v=1
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If now the substitutions C; = C;* and x; = x;® are used, then eqn. (111.19) takes
the form analogous to (I11.11). The expressions for Ca; and their counting
uncertainty are analogous to eqns. (111.13) and (111.14) provided that R is used

instead R,
111.1.1.3. Numerical solutions and practical implementation

The described algorithm encompasses practically all of the counting methods in
which the problem is determined — i.e. in which the number of counting intervals
is equal or greater than the number of the unknown concentrations that should be
determined. In the case of *Rn progeny measurements this number is 3. When
all *Rn and #*Rn progenies are to be determined this number is 5. We will
illustrate the approach numerically using as example the 3-interval gross alpha
counting method of Kritidis et al. [67]. The method is only for *’Rn progeny
measurements and uses the following times of sampling/counting:

e Airsampling on a filter: 7 min (or T=7 min);

e First interval gross alpha counting: 30 s — 4 min after the end of

sampling (that is ;" = T+30 s = 7.5 min, resp t;® = 11 min);

= Second interval: 5 — 24 min after the end of
sampling;

o Third interval: 25 — 40 min after the end of
sampling;

In this method (as in most of the other gross alpha counting methods) the
efficiency is assumed to be equal for 6.0 MeV and 7.69 MeV alpha particles, i. e.
€1 = & = &. For the timing specified above and using standard numerical values

for decay constants [77] one obtains:
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tiz) 102.9407 32.8178 42.0317
H= jfj(t)dt: 66.6017 131.0475 151.5723 1. (111.21)
& 0.6936 64.7099 63.4981

The unit of the matrix elements in H is (s). Respectively, the inverse matrix (units

sY):

0.013386 —0.005726 0.004806
H™* =] 0.037126 -0.058583 0.11526 |. (1.22)
—0.03798 0.05976  —0.101768

The matrix R numerically is:

270.1995 0 0
R = 77Q¢| 1157.5902  9013.626 0 . (111.23)
~899.6672 —6693.44 1722.9496

Respectively:

. 3.70097 x107® 0 0
RY=—= | —47530x10* 1.10943x10"* 0 S n24)
%\ 860308x10°  431x10°  5.804x10°

The numbers inside the brackets of the matrix of R are in units (s) and that of R™
are (s'). Respectively, the activity concentrations are obtained through egn.

(111.13) or in matrix form:

C . 4.9542x10° -2.1190x10° 1.7788x10° \'C,
C,, = 0s ~2.2437x10"° -3.7780x10° 1.0503x10° | C, |. (l11.25)
Ch) T°(-48010x10° 89449x10° —8.9737x10° | C,
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In the above expression, if the flow rate Q is in units (m® s™) then the activity
concentrations are obtained in Bq m™. In the original paper that describes the
method [67] the flow rate is in L/min and the activity concentration in pCi/L. To
obtain the numerical coefficients given in the original paper [67], the numbers in
the 3x3 matrix in (111.25) should be multiplied by 1621.62 (= 60000/37).

We should also comment the methods in which gross counting is made in
less than 3 intervals. Those that employ counting in one interval are usually
methods for determination of the potential alpha energy concentration (PAEC —
see the Glossary in Annex 1) and will not be considered here. From two-interval
counting methods the one most popular in Bulgaria was that of Markov et al.
[63]. In the modified version of this method, described in [78] the three *’Rn
progeny activities are determined by counting in two intervals: 1-4 and 7-10 min
after the end of sampling, which lasts 5 min. Re-calculated in Sl units, the

calculation in matrix form is:

C . 7.2767x10° —7.2767x107°

n | = —— 0 1.85x10°° t (111.26)
Qe -5 -5
C s ~1.5047x10°  3.6815x10

where Q is in (m® s™). However, this and other methods of this kind assume
certain co-relation between Cai, Ca2 and Cas. In the case of the method of Markov

et al. [63], it can be shown that the relation is:

C,, =-0.207C,, +1.177C,,. (11.27)

Although the above relation gives realistic ratios between the individual activity

concentrations, it cannot fully cover their range and all values that can be met in
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reality. Therefore, the two-interval methods are somewhat “compromised”

approach in the methodology.

Finally, we should comment that in regard to radon progeny, the levels
(incl. in some legislative documents [79]) are expressed in terms of “equilibrium
equivalent concentration (EEC)” or “potential alpha energy concentration
(PAEC)”. Their definitions are given in the Glossary section at the end. These are
linear functions of individual activity concentration of radon progeny. The

corresponding expressions are:

EEC =0.105Cp1 + 0.516Cas + 0.379Ca3
PAEC (MeV L) = 34.7EEC (Bq m™®) (111.28)

I11.2. Short-lived alpha sources of energies 6.0 MeV and 7.69 MeV

for calibration purposes

This research was provoked by the fact, that there are no commercially
available alpha sources of energies equal to that emitted by the measured 2?’Rn
progeny. This is because there are no long-lived isotopes that emit alpha energies
in the region of interest. On the other side, the registration efficiency of some
detectors depends on the energy of alpha particles. There are such indications for
scintillation ZnS(Ag) detectors [76]. The problem is crucial for SSNTDs that are
employed in devices for integrated measurements of 2Rn progeny and 2°Rn
progeny. This problem was addressed by the research community in different
ways, among which:

e Combining experimental efficiency determined by certified source
of other energy, that is available, with computer modeling of the

dependence of detector efficiency on energy;
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e Using alternative measurement of activity of 2Rn progeny on the
filter, e.g. by gamma spectrometry [80];

e Development of alpha sources of proper energy. This direction was
addressed by preparation of low-emanating radium sources, that
contain mix of alpha-energies including those of interest [81] and
by the procedure developed by us [82], described in the present

section.

In our research we have used the second and third of the above approaches and
have contributed to the third. In particular, we focused on the possibility to
prepare and use sufficiently pure (in the recommended time interval)
monoenergetic alpha sources of energy 6.0 MeV and 7.69 MeV [82].

Sources of energy 6.0 MeV and 7.69 MeV could be prepared by sampling
of ?Rn progeny on a filter and proper timing. In calibration procedures what is
actually needed is the exact number of a-particles emitted in a specified time
interval and there is no need for the source to radiate much longer than the time
necessary for the calibration procedure. The concept is to determine precisely the
activity (or related parameters) of the individual radionuclides at the end of
sampling by a reference measurement in vacuum with an o-spectrometer and to
use them as input values to calculate with a sufficient precision the emission of o-
particles with the required energy at any time interval of interest. The

mathematical algorithm is based on Bateman equations.
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111.2.1.Source of 7.69 MeV a-particles

First a filter sample is taken from 2Rn progeny atmosphere. To have a pure 7.69
MeV source, after sampling the filter is left for 30 min, in order to wait for “**Po
to decay. The 7.69 MeV a-particles are emitted by #*Po, which is always in
equilibrium with ?Bi. The emission rate of these a-particles is ruled by the ?*Bi
activity (As(t)):

A(t) = Zs‘,xi exp(-A4t), (111.29)

where X;jare known linear functions of the initial activity on the sample A;(0) (t=0
at the end of sampling). However, for the present algorithm they are considered
as parameters, whose values should be best fitted using experimental data. For
t>30 min the first term fades and:

A (t) = X, exp(—A,t) + X, exp(—Ast). (111, 30)

Respectively, the number of a-particles emitted in the interval (a,b) is given by:

N ()= [ A 0t =Y 24 (expE-A,:) ~exp(-AD)) =, (&,B)X, +hy (&, B)X,.

3
i=2

(111. 31)
The parameters X, and X3 are determined by a-spectrometry in the region of

interest (ROI) of the 7.69 MeV line for two time intervals. The number of counts

in (ta, ) is given by:
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C, =e&(h, (t,.t, )X, +hy(t,,,t gZQkJ : (1n.32)

where ¢is the geometry efficiency for a-particle registration and Qyjis 2x2 matrix
with elements that are clear from eqn. (111.32). If C; and C, are the number of
counts detected in two different time intervals, then:

X =I¥@%)e,, (1.33)

where Q™ is the inverse of Q matrix. Respectively, the expression for N is:

2 2

N, =13 S h@bQ),c ==Y PG, (111.34)

i=2 j=1 j=1
where the definition of P; is clear from the above equations.

The combined relative uncertainty in N3 is given by the expression:

2 2 2 Pj j
(uc(Ns)J =(u(e)J . JZ;‘ (111.35)
N, & 2 2 .
[zpkck]

Note that the time intervals (ti1, t12) and (21, to2) are different from the time
interval (a,b) in which the source is used for calibration.

Thus, the basic steps in the technology for preparation of 7.69 MeV sources are:
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e Taking a filter sample from #?Rn progeny atmosphere;

e The filter is left for 30 min to leave ***Po to decay;

e Making a-spectrometry reference measurements in two different
time intervals. The number of counts in 7.69 MeV ROI are the
input parameters to calculate the a-particles emission in the time

interval (a,b) specified for calibration.
111.2.2. Source of 6.0 MeV a-particles

The source of these alphas is 2*®Po. Its activity on the filter at the moment t

after the end of sampling is given by:

A1) =A0O)exp(-4t), (111.36)

where A;(0) is the activity of ?®Po at t=0 (t=0 at the end of sampling). The

number of a-particles emitted in the interval (a, b) is then:

N, (a,b) =TA1(t)dt =%(exp(—&a)—exp(—ﬂib))- (11.37)

Assume that 6.0 MeV a-particles are counted in vacuum by an a-spectrometer of
geometry efficiency € in some other time interval (t;, t;). The expected number of

counts in the corresponding region of interest is:

.t ) = ¢] A Ock =‘“AlT(°)(exp<—ﬂitl>—exp<—ﬂitz>)- (111.387)
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Using the number of counts gathered from t; to t, the number of alpha particles
emitted at any particular time interval can be specified.

The key approach to prepare a sufficiently pure 6.0 MeV source is to take
a sample in the first few minutes after the radon box is filled with a pure *Rn
gas. Under such circumstances there is an extremely high disequilibrium between
the individual ?Rn decay products and during the first minutes after sampling the
activity of ?*®Po on the source greatly dominates over those of 2**Pb and ?**Bi.
The specific feature is that the 6.0 MeV a-sources are certified after their use for
calibration. To demonstrate this approach we have made a mathematical
simulation of the process. Some results are shown in Table I11.1. As seen, in the
first 6-7 min the contamination with 7.69 MeV a-particles could be less than 3%.
During that time the source could be used for calibration as a practically pure 6.0
MeV a-source. Afterward it is still possible to certify the source with the

demanded level of precision.

Table I11.1. Emission of a-particles of energy 6.0 MeV and 7.69 MeV in the time
interval (a, b) from a filter sample taken from ?*’Rn progeny atmosphere of:
Ca1=102000 Bg m™, Ca,=1350 Bq m™, Cas = 16 Bq m™. Air flow rate of 10 L

min is assumed during the sampling.

Sampling (a-b) min | 6.0 MeV 7.69 MeV | Contamination (ratio

(min) 7.69 10 6.0 MeV a-
emission)

1.0 05-4 58800 440 0.75%

1.0 05-7 82700 1530 1.85%

1.0 1-7 71200 1500 2.1%

1.0 2-7 51700 1430 2.8%
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I11.3. Rotating filter method for integrated measurements of

222Rn progeny and “°Rn progeny.

This method was first proposed in 1991 [83]. The principal scheme of the
device is shown in Fig. 1l1.1. The filters rotate uniformly and each point passes
consecutively by the inlet nozzle and by passive detectors placed above each
filter. Because of the 22Rn and ?°Rn progeny decay the signal of the detectors
depends on their angular position and this is used to determine the individual
integrated concentration of ?2Rn progeny and “’Rn progeny. As the half lives of
the short lived ??Rn decay products and that of °Rn progeny differ substantially,
two different angular velocity were used. The first corresponds to period of
rotation of 1 hour and is used for measurement of ’Rn progeny. The second one
corresponds to 12 hours and is used for ?°Rn progeny. The first practical
application of the rotating filter method used TLDs as detectors [84] and was
aimed at measurements of *’Rn progeny at relatively high concentrations, which
are typical for mines and radon spas [84, 85]. The detectors used were
dosimetrically thin TLDs made of CaSO, : Dy. Further numerical analysis and
practical experience [85, 86] revealed that this approach cannot warrant sufficient
sensitivity and accuracy for measurement of environmental concentrations of
222Rn progeny and ?*°Rn progeny. Therefore, further research was focused on
incorporating SSNTDs as detectors in these devices. The first successive
development with SSNTD was of a device for integrated measurement of *°Rn
progeny [87] and after that a device for **’Rn progeny measurement was also
developed [88, 89]. Despite that the device for ?2Rn progeny measurement was

developed later, from methodological point of view it is better to start with it.
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111.3.1. Integrated measurements of “*Po, “**Pb and #*Bi + **Po by

rotating filter and SSNTDs

To develop a method oriented towards measurements of *Rn progeny,
research was focused on the implementation of SSNTDs in a rotation filter
device. This resulted in construction of a prototype, the principal scheme of which

is shown in Fig. I11.1. and its photo in Fig. 11.2.

SSNTD

ABSORBER \ : ® NN | >
N A )

FTO PUMP

FILTER

(a)

Figure I11.1. A principal scheme of the rotating filter device designed for ?’Rn
progeny. Each point of the rotating filter passes consecutively below SSNTD
covered with different absorbers: A is scheduled to reduce the energy of 6.0 MeV
(**®Po) a-particles to the energy window suitable for registration of o-tracks, B
for 7.69 MeV alphas (***Po) and C for 8.78 MeV alphas (*?Po). The angles ¢y of
the centers of the sectors (¢ is illustrated) are measured from the start position of

the inlet nozzle.
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Figure 111.2. A photo of the experimental device. Above: the device ready for
use; below: The filter and the cap with SSNTD film covered with Mylar absorber
foils.
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This device operates as follows: During rotation each point of the filter
passes consequently through the inlet nozzle and the detectors placed above the
filter. Because of the Rn progeny decay the signal of the detectors depends on
their angular position and this is used to determine the individual integrated
concentrations of 2Rn progeny. In the version presented here the filter (0.8 pm
Milipore filter) is moved with one rotation per hour by a synchronized motor
connected to a gear-box. The detectors used were SSNTD of Kodak-Pathe LR-
115 type I, shaped as shown in Fig. Ill.1. and covered by absorbers. The
absorbers are used to reduce the energy of a-particles (6.0 MeV of ?*®Po and 7.69
MeV of **Po) to the energy window of for registration of a-particles of the used
detectors. The residual energies of the a-particles after passing through absorbers
with different thickness are shown in Table 111.2 a,b. They are calculated using
ICRU Report 49 data [90].

Table 111. 2a. Residual energies (MeV) of “’Rn progeny and %*Rn progeny o-
particles that have traversed aluminum absorbers of different thickness. Incident

angles are within the range 0-60°.

Aluminum absorber thickness | 6.0 MeV 7.69 MeV 8.78 MeV
(1m)

10.4 um (A-absorber) 22-4.4 47-6.3 6.1-75
25.2 um (B-absorber) 0-0.85 0-39 0-54
41.9 um (C-absorber) - - 0-23
43.3 um (C-absorber) - - 0-1.9
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Table 111. 2b. Residual energies (MeV) of **Rn progeny and %°Rn progeny o-

particles that have traversed mylar absorbers of different thickness. Incident

angles are within the range 0-60°.

Absorber thickness (um) 6.0 MeV 7.69 MeV 8.78 MeV
14 um (A-absorber) 24-4.4 50-6.4 6.4-7.7
35 um (B-absorber) 0-0.7 0-4.1 0-57
60 um (C-absorber) - - 0-24

The whole device is mounted inside a metal housing, where the air enters
through a hole situated above the inlet nozzle.

Further, the theoretical algorithm for data processing will be described.
First consider a given point of the rotating filter which enters the inlet nozzle area
at moment t=0 and passes it at moment t = t. The number of ?’Rn progeny
atoms per unit area (ns;) can be determined as solutions of the following

equations:

dn
d;l =nVn,O(t. —t) - 4ng,

dn

d—iZ:nVnz@(tF —t) + AN, — 4,0, (111.39)

dn
di3 =nVn,B(t. —t)+ 1,n,, — AN,

where V is the linear air velocity through the filter (V=air flow rate/nozzle inlet
area), n; is the atom concentration in the air of the i-th nuclide while the
considered filter point passes the inlet nozzle (the activity concentration is Cp; =
Aini). The sectors geometry is shown in Fig. 111.3. Let a point of the detector be

situated at an angle of ¢, i. e. the filter point reaches it at the moment t = ¢/,
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where o is the angular velocity of the filter. The growth-rate of the track density

at this angular position at the moment t is:
N, =& 4N (1) + £, 4N (t) - (111.40)

Using the known general solutions of eqn (111.39) the above equation takes the

form:

N, :Za:xi (0) f.(t). (111.41)

The parameters x;(0) are linearly related to Ca; through the [R-matrix given in eqn.
(111.8). For an arbitrary moment t during the first rotation, eqn. (111.40) can be

generalized:

N, (t, @) :Zslxi (t—(p/a))fi(ﬂj. (111.42)
w

i=1

The contribution of “previous rotations” to the signal should also be taken into
account. Let air sampling (e.g. “exposure time”) is from the time t=0 to t=t..

Then the expression takes the form:

N, (t, ) =ii X (t—@l o—KT)f,(p/w+KT)Ot -9/ 0-KT)O(t, —(t— ¢/ w—KT)),

i=1 k=0

(111.43)
where T=27/w is the period of the filter rotation. The Heaviside functions account

that x;(t)=0 only for t,>t>0. Therefore, the track density accumulated at the

moment t, is:
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N, () = th, (t, p)dt. (111.44)

In the applications of this method, after the end of sampling the rotation of filter
continues, until practically all deposited progeny atoms disintegrate (in the case of

222Rn progeny 4-5 hours are sufficient). In this case t,, can be replaced with oo

3

Ny (0) =[N, (Lot =D > (/o k) @ =D 0K, o
where X, = jxi (r)d7rand G, () = i f(p/o+ kT).
The explicit formula for G; is:

Gilo) =" exp (- 2724, /o)

Then, the expression for the number of tracks at a sector with centre at an angle ¢

and half-with Ag is:
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SSNTD
INLET NOZZLE

FILTER

Figure 111.3. Sector geometry: each point of the uniformly rotating (clockwise)

filter passes consecutively by the inlet nozzle and different sectors of LR-115/I1

film.
C(p) = thr(qo)ds—rthn(w)dco ZX{ )Zh”"shzw/w}z

(111.47)

The above algorithm was specified for “spectrometric” measurements,
with different efficiency for A and B-sectors, using the approach explained in
sub-section 111.1.1.2. The net number of tracks in the k-th sector, whose center is

placed at an angle ¢x is given by the expression:

Cy :C((ok):iFi(qu)Xi . (111.48)

i=1
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The relationship between the integrated activity concentrations I; and the

parameters X; is:

3
I, :ZrR”flxj, (111.49)
j=1

where:

/11 (/11 B /12 )(/11 B 2'3)

A, ° °
2773
Ris 1(5) Ak AR -4) 0l (111.50)
Ve, Ay A
A 2, Ay

The relation between X; and 1, =leAi (t)dtis given by eqgn. (111.49) and is the
0

same as the relation between x; and Cu in the theory of grab sampling

measurements, described in section 111.1.1.

Using the algorithm developed for spectrometric measurements the following

explicit form for Fi(¢x) is obtained [89]:

2hr.w (exp(At. )-Dexp(= 4 (¢, /o))
Filo)= A shizag, /@)= 1—eXp(—();p7r/a))/1i¢) "

’ {Lr 5k1{(‘93(A)/53(B) )+ Uy =20 N~ 2o Sy _lﬂ

/12/1353(8)

(111.51)

In the above expression d is the Kronecker symbol (i =1 if i=k and 0 if i=k), h

is the height of the sector and r. is the radius of the circle passing through the
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sector centers. As an illustration of the physics that underlies this theory a

simulation of the angular dependence of the specific activity on the filter is made.
The results are illustrated in Fig. 111.4.

Surface specific activity (arbitrary units)

0> p— | W S PO —

0 100 200 300

Angular position (deg)

Figure 111.4. Theoretical dependences of the surface specific activities of ?*Po

(dotted line) and 2**Bi + ?**Po on the angular position. Assumed activity ratios
(**®po:#*Pb:?'*Bi) are shown.

In real data processing, the calculation of integrated activity
concentrations by egn (111.49) should pass through determination of X;
parameters. The X; parameters are determined by a least squares fit of the
experimentally determined number of tracks in different sectors — through
minimization of the form:

i[Ck—j Fi(cok)xi} : (I.52)

=1

=
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Uncertainties u; in I; were calculated as follows:

u, ={ii R.'R;*Cov(X, X, )} : (111.53)

k=1 I=1

where the co-variation Cov(Xy,X)) is given by the expression:

Zn:[cp _ZS:Fi (wp)xi:|
Cov(X,, X,) = 21 (K*)

p— » (111.54)

In egn. (111.54) K™ is the inverse matrix of the matrix with elements:

K :ZFi((Dk)Fj (@) - (111.55)

111.3.1.1. Optimization of the design

The experimental uncertainties are significantly dependent on the choice and
position of the different sectors, their number, etc. To optimize the design of the
rotating filter devices numerical experiments were made. In these simulations the
statistical uncertainty was ascribed to the track counting and a Poisson
distribution of the number of tracks was assumed. First, the position of the A-
sector was chosen. The starting angle for this sector was selected to be 2°. The
uncertainties in *®Po, #*Pb and ?“Bi were studied as dependent on the width of
this sector. The B-sectors start immediately after the A-sector and every B-sector
has 20° angular width. The results demonstrate that the uncertainty in 2*®Po is
decreasing for wider A-sector, while the uncertainty in “Bi is increasing. The
uncertainty in ?**Pb is weakly dependent on this parameter. The criterion for an

optimal width was to minimize the sum o:°+c,°+c3%, Where o; are the standard
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deviations that corresponds to the Poisson counting statistics (o; = u; if the

uncertainty is due only to the Poisson counting statistics). The results are

illustrated in Fig. 111.5. As seen, the optimal width of sector A is about 20° for a

great variety of ratios %®Po : ?“Pb : 21Bi.

(arbitrary units)

,
2o v
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Angular width of the A-sector (deg)

Figure I111.5. Dependence of the quadratic sum of the Poisson counting statistic

standard deviations on the angular width of the A-sector. Assumed activity ratios

(**®Po:?*Ph:*1*Bi) are shown.

The dependence of the uncertainties of 2“Pb and ?**Bi on the number of

B-sectors is shown in Fig. 111.6. As seen, if the number of sectors is small, the

uncertainties grow rapidly. In our experiments the number of sectors used was

usually > 8.
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Figure 111.6. Uncertainties of 2*Pb and ?*Bi as a function of the number of B-

sectors.
111.3.1.2. Correction for “’Rn-progeny presence

If short-lived ?°Rn progeny is present, it can affect the signal in both A- and B-
sectors. However, the correction for °Rn progeny is much facilitated by the
following reason: For the fixed period of rotation (1 h) the angular dependence of
the surface specific activity of ?2Bi + 2Po (both directly deposited and produced
by the ?*?Pb decay) is weak. For activity ratios “**Bi : ??Pb < 1 (which is the real
case, according to Reference [91]) the angular variation of the specific activity
(max-min) is from 7% (***Bi = #*?Pb) to less than 2% (**?Pb >> *1Bi). If this
activity is considered constant for all angular positions, it can be determined using
the track density in the center of the C-sector, which is situated at some middle
point (e.g. 180°). Then, the deviation of this estimate from the real surface
specific activity would not exceed + 4%. This difference is sufficiently less than

the normal experimental uncertainties expected in this type of measurements.
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Experimentally, the correction for ?°Rn progeny was made as follows: If
the net number of tracks in C-sector is Cr, the number of #*?Bi disintegrations in
this sector will be C+/es®. Taking this number as constant for all sectors, the
expected number of tracks in the A-sector due to the ’Rn progeny on the filter
are: 0.36Cr&. ™/ and in the B-sector ( formed by the 8.78 MeV alpha particles
of 22Po): Cr&®/&5©). Note that 0.36 is the probability of *?Bi a-decay. These
values are subtracted from the total number of tracks in the correspondent sectors.

The net-number of tracks in the C-sector can also be used for
determination of the time integrated PAEC of ?*Rn progeny. The theoretical
analysis showed that integrated PAEC(?*°Rn) is proportional to Ct with less than
1% variation due to the differences in ?*?Pb : #*?Bi ratio [86].

111.3.2. Determination of the registration efficiencies for 6.0 MeV,
7.69 MeV and 8.78 MeV a-particles

In our experimental work two approaches for experimental determination
of the registration efficiencies were employed. The first was based on gamma-
spectrometry and, as a concept, was used by other authors, too [80]. The second
approach is based on the use of short-lived a-sources for calibration purposes
[82]. The absorbers used in different experiments were aluminum foils or mylar
foils of proper thickness.

Within the gamma-spectrometry approach, the efficiency & was
determined in the following way: A grab sample of ?°Rn progeny was taken with
a filter. After a delay time of 6 h the activities of *?Pb, *?Bi + 2Po/*®Tl are in
constant proportions (equilibrium state). Then, a SSNTD (covered with A-
absorber) was fixed above the filter and was simultaneously placed on a HPGe
detector with relative efficiency 24.9% and FWHM(1332 keV) = 1.77 keV. The
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gamma spectrum was gathered for a controlled time (24 h). After that the SSNTD
was etched and the number of tracks determined. The total number of 2?Bi
disintegrations was determined by the net area of the 727 keV gamma line of **Bi
and of the 860 keV gamma line of ?®TI. There are two a-emitting %°Rn
daughters on the filter. The first one is ?Bi that disintegrates with a probability
about 36% by a-decay [77] emitting a-particles of energies 6.05 and 6.09 MeV.
These alphas have energy very close to 6.0 MeV alphas of ?*®Po and were used
for determination of &™®. The other a-source is ***Po, but for the selected A-
absorbers it could not contribute to tracks in the A-sector as the residual energy of
the 8.78 MeV alphas after passing through the A-absorber is outside the energy
window for registration.

The efficiencies &3® and &) were determined as follows: A grab sample
of ?Rn progeny was taken with the filter. After a 30 min delay “®Po atoms are
essentially disintegrated and the only a-source on the filter is ***Bi + *Po. Then,
a SSNTD covered with A or B type of absorbers was fixed above the filter and the
filter + SSNTD were simultaneously placed on the HPGe detector described
above. The gamma spectrum was gathered for 4 h. After that the SSNTD was
processed. The total number of ?*Bi disintegrations was determined by the net
area of the 1120 keV gamma line.

The application of the second method was according to the methodology
described in section 111.1.1.3. The experiments were carried-out in the Laboratory
of Sub-Atomic and Radiation Physics at the University of Ghent, Belgium. An
experimental set-up with Si- alpha spectrometry detector (surface barrier) was
constructed. All a-spectrometry measurements were made under vacuum. The
experimentally obtained efficiencies for different absorbers, used in our
experiments are summarized in Tables I11.3. a-c.

Note that the value of &® is only about 4% of the &® value, therefore
the present manner of registration could be considered as quasi-spectrometric

regarding *®Po and #*Po alphas.
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Table 111.3a. Efficiency to 6.0 MeV a-particles.

Source Absorber Reference method Efficiency
“18pg Mylar 14 pm | Alpha spectrometry 0.19+0.01
(A-absorber)
?I°Bi+*“Po | Aluminum Gamma  spectrometry using | 0.097 + 0.007
104 um (A- | lines 727 keV (***Bi) and 860
absorber) keV (“°°TI)
Table 111.3b. Efficiency to 7.69 MeV a-particles.
Source Absorber Reference method Efficiency
““Bi+*Po | Mylar 35 pm | Alpha spectrometry 0.14 +0.01
(B-absorber)
“4Bi+**Po | Aluminum Gamma spectrometry using | 0.087 + 0.005
25.2 um (B- | line 1120 keV
absorber)
214Bi+?¥*pPo | Aluminum Gamma spectrometry using | 0.0041 + 0.0004
104 pm (A- | line 1120 keV
absorber)
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Table 111.3c.

Efficiency to 8.78 MeV a-particles.

Source Absorber Reference method Efficiency

“*Bi+““Po | Mylar 60 pm | Alpha spectrometry 0.022 +0.001
(C-absorber)

212Bij+*“po | Aluminum Gamma  spectrometry  using | 0.019 + 0.002
41.9 pm (C- | lines 727 keV (***Bi) and 860
absorber) keV (“°°TI)

12Bj+212pg | Aluminum Gamma  spectrometry using | 0.017 + 0.001
433 um (C- | lines 727 keV (***Bi) and 860
absorber) keV (*°°TI)

212Bj+*?po | Aluminum Gamma  spectrometry  using | 0.023 + 0.005
25.2 um (B- | lines 727 keV (***Bi) and 860
absorber) keV (“°TI)

The sector C is used to account for 2°Rn progeny availability, as described above.

111.3.3. Results of laboratory and field measurements

This section summarizes the results of different experiments on integrated
measurements of 2Rn progeny, carried-out in the interval 1996-2001 in the

University of Sofia and in the University of Ghent, Belgium.

In the first experiments, made in Sofia, the absorbers were made of
aluminum foil, with thickness specified in Table I11.2a These measurements were
made in an experimental basement where **’Rn progeny concentrations varied
within the range 15 — 200 Bq m™ and **°Rn progeny concentrations were from
<0.5 to 3.5 Bq m™. The average ratio PAEC(**Rn):PAEC(**’Rn) was about 0.4.

The situation in this basement was similar to the situation in dwellings where both
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222Rn and ?®Rn are present. The reference measurements were made by the
method of Kritidis et al. [67] — gross a-counting version. The bias due to the
229Rn progeny presence was < 7%. Results from such comparative measurements

are shown in Table I11. 4:

Table I11. 4. Integrated concentrations of **’Rn progeny estimated by the rotating
filter method compared with results from simultaneously made series of grab

sampling measurements (Bq h m™).

Rotating filter method Grab samplings [67]
218P0 214Pb 214Bi 218PO 214Pb 214Bi

870+ 150 | 930+120 | 700+ 140 | 830100 770+ 25 590 + 32

249 + 21 101 + 26 72 +20 234 + 39 119+9 60 £12

599 + 72 369 + 54 280+60 | 554+168 | 381+55 329+ 34

196 + 16 62+ 14 52+ 15 159+ 79 40+ 20 20£15

530 + 40 446 + 29 336 +40 659 + 90 466 + 60 390 + 39
4500 £ 250 | 1410+ 110 | 490+70 | 5050 +460 | 1760 +190 | 570 + 130

However, certain disadvantages of using Al-foils were noted. The most critical
was that the thickness of these foils can vary thus introducing an additional source
of experimental uncertainty. Therefore, for the next experiments the design was
optimized. Instead of aluminum, mylar absorbers of 3 different thicknesses were
used. The first, used for the « A-sector » of the detector was 14 um thick, the
next, used for the « B-sectors » was 35 um thick and that used for the « C-sector »
was 60 um thick. These thicknesses were selected, in order to achieve

« spectroscopic » mode of registration. The residual energies of a-particles for
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different absorber thicknesses and incident angles are shown in Table 111.2b. As
seen in Table Ill. 2b, after the 14 um absorber (A-sector) the residual energy of
7.69 MeV o-particles of *Po is outside the energy window of registration of the

detectors. The same is true for 6.0 MeV alphas of #®

Po after 35 um Mylar.
Therefore, A-sector is used for registration of ?®Po o-particles and B-sectors are
for ?“Po alphas. In all measurements presented furthermore “°Rn progeny was
either missing (laboratory experiments) or “*Rn progeny greatly dominated.

Therefore, correction for >°Rn progeny was practically negligible.

The registration efficiency of the detectors in A and B and C sectors has
been experimentally determined and is given in Tables Ill. 3.
First, laboratory experiments were made, with parallel grab-sampling

measurements, by the method published in Ref. [67] - a-Spectrometry version.
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Table 111.5. Integrated activity concentrations of individual *’Rn short-lived

decay products (in Bq h m™) measured using the rotating filter method during the

laboratory tests. Results of parallel grab sampling measurements are given, for

comparison.

Test Rotating filter Grab samplings [67]

218P0 214Pb 214Bi 218PO 214Pb 214Bi
1 117600+3900 |70600+5300 605007600 107700+£8600 | 75500+9000 54000+3800
2 113000+4000 | 6950045000 79600+7200 106300+10700 | 75200+11000 |76500+11500
3 88500+1500 11400+1300 <3900 104800+15900 | 1390045200 295041170
4 118800+4000 |38000+3800 6200+5500 139300+11000 | 2980047950 14800+2200
5 91400+2800 3940042900 23800+4100 101300+£5800 |46400+6400 25500+1500

Tables Il1. 4. and I1l. 5. provide laboratory test/verification of the rotating

filter method over 3 orders of magnitude of integrated activity concentrations.

After the method was tested in the laboratory a number of measurements under

real conditions were made. The measurements were made indoors, in private

houses, working places, storage rooms with radioactive minerals, public buildings

and outdoors (in

rainy weather under very low ??Rn and ?*’Rn progeny

concentrations). In all measurements the flow rate used was 1 L/min. The results

are presented in Table Il11.6. As seen, the method allows sufficiently precise
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measurements over a vast range of 2 Rn progeny concentrations. Even
concentrations of the order of 1.5 Bq m™ are measurable with an uncertainty of

about 10% or even less.

Table Il.

concentration/exposure time) obtained by measurements by the rotating filter

6. Mean activity concentrations (= integrated activity

device under real conditions (in Bq m™).

Place Exposure time | “**Po “1%pp 214Bj
House 1 177.25h 12245 50+4 3245
(indoors)

House 2 100.83 h 476+30 410430 390134
(indoors)

Outdoors-rainy | 232.33 h 1.49+0.13 1.32+0.12 1.284+0.15
weather

House 3(indoors) | 25.1 h 20.6+1.8 20.4+4.4 4.9+3.9
Public building-1 | 6.83 h 61.0+3.7 29.743.4 19.5+4.0
(basement)

Working place 1 | 43.17 h 59.25+6.2 37.145.8 26.2+6.6
(chemical

laboratory) - 1%

measurement

Working place 1 | 72.6 h 22.243.5 12.6+3.2 4.6+3.7
- pnd

Working place1 | 3h 17.3+£2.7 8.3+2.0 3.3£20
3rd

House 4 31.33h 470127 269+25 191428
(indoors)
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Working place 2 | 6.8 h 58.2+3.4 16.8+2.5 16.84+3.5
(factory) -1°

measurement

Working place2 | 8h 69.0+4.8 28.5t4.4 26.315.0
_ ond

Working place 2 | 11.83 h 98.1+11.5 53.5+10.7 45.6+£12.2
— 3" (overnight)

Working place 2 | 8 54.0+4.0 18.9+3.7 15.5+4.3
_gth

Public building 2 | 8 h 19.1+3.1 10.8+2.9 8.8+3.2
Public building 2 | 64 h 146412 121+11 81+12

— basement

Storageroom1 | 2h 915041100 8950+1050 4400+1200
(uranium

minerals)

Storage room 2 - | 15h 339+19 74 +43 65 + 40
ventilation off

Storage room 2 - | 50.5h 59.6 +4.0 12.1+3.8 51+4.4
ventilation on —

1St

Storage room 2- | 92 h 72.0+2.0 9.8+22 13.0+2.2

ventilation on —
2nd

What is clearly seen from the table is that indoors, either in houses or in

working places, the activity-ratios between different radionuclides (i.e. 2*®Po,

214pp and 2“Bi + 2'*Po) are quite different and site specific. This can question the

common approach [92] to apply an uniform equilibrium factor, in order to
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determine the exposures under real conditions. Recent publications also provide
support for our scepticizm about the use of a constant equilibrium factor [93]. In
the outdoor measurement the radionuclides seem to be close to equilibrium. We
would also like to draw more attention to the results in the factory. There we
coherently obtained **Pb and ?*Bi concentrations very close to each-other. Our
experience, as well as former research over the mine atmosphere models [94],
indicate that this is a sign of « air-rotation » - close circuit in the air ventilation
stream. After we have diagnosed the ventilation mode, this appeared to be
exactly the case as the heating and the ventilation system were linked and
rotation of a substantial proportion of the air used for ventilation could be
expected [95]. Therefore, the method offers good opportunities for diagnostic of
the ventilation conditions at working places.

Notably, the **’Rn progeny disequilibrium indoors and at working places
differs significantly from place to place and, probably, the equilibrium factor is
very site-specific [96]. Recent studies [93] also demonstrate that the F-factor can
vary in a wide range, thus affecting substantially the lung dose estimates. The
author feels that the direct characterization of radon and thoron progeny
atmosphere in dwellings and working places is a problem that needs to be re-
addressed by the radon expert community. The described rotating filter method
smoothes the large time variations in the concentrations and, possibly, offers
better opportunities for diagnostic of the ventilation conditions than the grab

sampling methods.
111.3.4. Integrated measurements of “?Pb and ***Bi.

The concept of this method is to employ a filter that rotates with a period
of 12 h and to cover the SSNTD with a sufficiently thick absorber so that only
22pg  g-particles (8.78 MeV) could be registered. The experiments were

organized with SSNTD Kodak-Pathe LR-115/11 covered with 11.7 mg cm™ (43.3
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um) aluminum absorber (foil). The scheme of the arrangement is shown in Fig.
I11.7. For better experimental design first theoretical modeling of the angular
dependence of the signal was made. The results are shown in Fig. 111.8. As seen
the theoretical curves obtained for different activity ratios of ***Pb and #*?Bi differ
for angles <150° , which suggests that activity ratios within the whole expected

range can be resolved.

_ a-TRACK DETECTOR

Ko . ABSORBER

RAR AIR
(V == Z—.— TO PUMP
\‘\
\‘\
™  FILTER

Figure 111.7. A scheme of the experimental device for ?°Rn progeny
measurement. The filter rotates with a period of 12 hours and the detector is
covered by an absorber with appropriate thickness, so that only 8.78 MeV alphas

can pass through it and be registered.

Considering the general algorithm restricted only to “°Rn progeny one can
obtain the following expression for the net-number of tracks on a sector with

center at angle o:

C(¢)=ZFi(<o)Xi, (111.56)
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where F; are:

_2hro (00(4te ) -Lexp (-4 (p/@))
Filo)= A shizAp/e) Xpl—exp(—(;fr/a))ﬁi(;) , (111.57)

ta
The integrated activity concentrations I, = IC  (1)dt are linearly dependent on
0

the X; parameters in the following matrix expression:

| _/14(}“4_/15) X
(“J:i s [ “], (111.58)
I.) Vn ﬁ ﬁ X
& &
or:
5
I, :ZtR”flxj_ (111.59)

j=4

In the rest the core of the algorithm remains the same as that for “’Rn
progeny. Using the experimentally obtained number of tracks Cx = C(¢) for
different sectors k, the parameters X; and their covariation Cov(X;,X;) have been
determined through the least squares method.
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Figure 111.8. A theoretical dependence of the track density on the angular position of the
detector center, determined from the air inlet. The activity ratios (***Pb:?*?Bi) are shown.

To study the potential of this method for precise measurements and to optimize the
device’s design, a number of numerical simulations were made. The results for uncertainties
at different integrated concentrations are shown in Fig. 111.9. Both the effects of Poisson

counting statistics and fluctuations in the absorber thickness were studied.
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Figure 111.9. Dependence of the relative uncertainty on the integrated activity
concentration of the corresponding isotopes. The activity ratio ?2Pb:**?Bi = 1:0.5 is assumed.
The dotted line represents #*?Bi relative uncertainty that is due only to counting statistics, if
the absorber is with truly constant thickness of exactly 11.70 mg cm-°. The solid lines
correspond to the real Al-absorber, which has the above thickness, but is not ideally uniform
(with a standard deviation of the thickness of 0.05 mg cm™).

The dependence of the relative uncertainty on the angular position of the first sector is
shown in Fig. 111.10. The curve for **?Bi indicates that the first sector should be placed at as
small as possible angle for better ?°Bi determination. The dependence of the relative
uncertainty on the number of sectors is shown in Fig. 111.11. It is clearly seen that at least 6-8

sectors should be used, but the improvement if they are > 10 is relatively slight.
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Figure 111.10. A dependence of the uncertainties in the integrated concentrations of
220”n progeny on the angular position of the first sector in the rotating filter device.

The assumed number of sectors is 10, each of 20° angular width.
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Figure 111.11. A dependence of the uncertainties on the number of sectors. The first

sector starts at 10° and the angular width of each sector is 20°.

Experiments with this method were carried out in an artificial ?°Rn atmosphere in a
0.5 m® laboratory box. The quantitative correspondence between the results obtained by the
present method and those obtained by grab sampling through the method [68] is illustrated in
the Table I11.7.
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Table I11. 7. Integrated measurements of ?Ph and #*?Bi. Integrated activity concentration

(Bq h m®) are given.

Isotope Rotating filter Grab sampling [68]
“°Ph 92.2+6.1 88.5+ 4.5
i 44,0 +10.5 36+ 16
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V. RADON-RELATED RADIOLOGICAL PROBLEMS
STUDIED IN BULGARIA.

There is a century long tradition in radon measurements in Bulgaria [15].
Since 1907 with hardly any interruption radon (and since the 1960s radon
progeny) have been measured in mineral spas [96, 97], in the human environment
and in the course of laboratory research. However, by far the largest number of
measurements (>50000) have been done in the uranium industry and other
underground mines [98-100]. The uranium industry (mining and milling) as an
industrial branch operated in Bulgaria in the period 1945 — 1992. In the interval
1945 -1956 it was under Soviet administrative control and no radiation data is
available from that time. In 1956 Bulgarian administration took the control
positions in the branch and health physics group was established and operated till
the cessation of the industry. Regular radon/radon progeny measurements have
been made since 1958. They were reviewed, comprehended and the statistical
extract published in the 1990s [16, 99,100]. The methodological research on grab-
sampling measurements, incl. comparison of different methods, was performed by
the author [101] and others [102, 103]. The comparison of different methods was
partly provoked by the need to comprehend in an unified scheme the methods
used in practice, in order to be able to calculate miners’ exposure in an
unambiguous way.

Although measurements of radon in the environment were performed
before 1990, published information about them is scarce. However, since the
1990s public concern about the environmental issues increased, in particular
about the radiological consequences of the uranium industry in Bulgaria [104,
105]. Notably, radon-related problems due to industrial activity can be found not
only in uranium industry, but also in other mining and non-mining branches. A
typical example in Bulgaria is the copper mining centre “Rosen” near Bourgas.

Due to elevated uranium content in the cooper ore and to the practice to dispose
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the wastes from the flotation factory in the Black sea, in the area of the bay of

Vromos large areas were radioactively contaminated. Awareness of these

problems put a priority on radon measurements in the human environment. In

contrast to radiation monitoring in underground mines, where most of the

measurements were grab-sampling for radon and/or radon progeny, in dwellings

integrated long-term radon measurements are recommended [1].

In this chapter we emphasize on radon-related radiological research

performed after 1992. This includes:

Comprehending the large number of measurements carried-out in
the mining industry and making analysis, in order to calculate the
annual average radon progeny exposure in working places in the
major Bulgarian uranium mines and in Bourgas copper mines.
Providing dosimetry data to carry-out sound statistical analysis of
the medical data on bronchial dysplasia (pre-neoplastic lesion) in
underground miners and its relation to Rn progeny exposure
[106].

Investigations on the radon problem in regions of increased radon
risk. This included areas affected by the uranium industry (regions
near Sofia — Bouchovo, Yana, Gorni Bogrov, Dolni Bogrov etc.;
the region of Eleshnitsa — the second center of uranium industry in
Bulgaria) as well as the town of Rakovsky - where chronically

increased lung cancer incidence has been observed.

IV.1. Radon and radon progeny in underground mines in

Bulgaria

Radon measurement in the Bulgarian uranium industry commenced in

1956 and since 1958 they had been conducted regularly till the cessation of this
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industry in 1992. In mines outside the uranium industry, systematic radon/radon
progeny measurements were made in the Bourgas copper mines of the group of
“Rosen” (namely: “Propadnala voda”, “Rosen” and “Meden rid”). There is also
data on radon/radon progeny measurements in some other metal mines (e.g.
“Obrochishte”, “Bakadjik”, some mines of GORUBSO Co.), but they were not
systematic and could hardly be used for exposure evaluation.

Until 1972 the radiation monitoring of the underground mines was based
only on radon measurements. In the interval 1972-79 parallel measurements of
222Rn and the individual concentrations of its short-lived decay products were
made. After 1980 the measured quantity was PAEC of ?*Rn decay products.
Radon measurements have been made by ionization chambers SG-1M and that of
222Rn progeny by aerosol radiometers type RV-4 (individual concentrations) and
1ZV-3 (only PAEC). The combined ?*’Rn + ??’Rn progeny measurements in
1972-1979 were used to “glue” radon data before 1972 with radon progeny data
after 1979. Different methods for >’Rn progeny measurement were employed, but
most of the measurements were made by those of Markov et al. [63] and that of
Kapitanov et al. [107]. Both methods employ gross alpha counting in two
intervals. After 1980 practically all measurements in underground mines were
measurements of PAEC of radon progeny by aerosol radiometers 1ZV-3. The
problems of comparison of different methods and the procedures of their
calibration and performance testing have been discussed elsewhere [101, 102].
The general conclusion is that the relative uncertainty of a single measurement is
in all cases less than 50% and in most cases less than 30% [99, 100].

After 1990 an extensive work started to comprehend the whole database of
radiation measurements in underground mines. The goal targeted was: using
measurements made in underground working places to calculate the annual
average PAEC in any monitored mine for any monitored year. On this basis to
calculate the “average radon progeny exposure” for any mine and for any year for

which radiation data is available.
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This exposure estimate actually refers to a ‘“virtual” average miner.
However, given the absence of detailed records of the distribution of miners in
different working places, this was considered as the only possible task that can be
addressed.

Traditionally, radon progeny exposure is expressed in units WLM
(Working Level Month — see glossary before the Reference section). One WLM
corresponds to exposure at PAEC of 1.3x10° MeV/L (or 1 WL) for 170 h [108].
The relation to SI units is 1 WLM = 12.75 J s m™. For any large mine (small
mines were not included in the analysis for the absence of a systematic radiation
data) the annual average PAEC at the underground working places was
calculated. Using the annual working hours, which according to the Bulgarian
legislation were 2000 h till 1961 and 1700 h after 1961, the “average annual
exposure” was calculated. For the years till 1972, when only 222Rn was measured,
the approach was as follows. Using the data for the years 1972-79, the average
equilibrium factor (F-factor) has been determined. As seen in Tables I1V.1. and
IV.2., the F-values differ among different mines, but for a single mine the
variation is usually smaller. Therefore, in data analysis an individual F-factor for
any single mine was applied. In this way the radon progeny exposure has been
determined for every year since 1958. The algorithm to convert ?Rn
concentration to PAEC using F-factor is as follows:

EEC = 0.105Ca1+0.516CA2+0.379C a3 = Ca(***Rn).F (IV.1)

PAEC(WL) = PAEC (MeV L™)/1.3x10° = 2.67x10™ EEC(Bq m™®)

Table IV.1. F-factor in major uranium mines in Bulgaria.

Mine Average F-factor Range of values
9 Septemvri 0.47 0.42 -0.53
Eleshnitsa 1 0.78 0.71-0.97
Eleshnitsa 2 0.86 0.79-0.97
Smolyan 0.74 0.63-1.0
Bjalata voda 0.72 0.66 — 0.87
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For one mine (Seslavci) no F-factor data was available, therefore in the
calculations the same F-factor as that in the close-by mine “9 Septemvri” was

used. For other mines radiation monitoring started immediately in units of PAEC.

Table 1V.2. F-factor in Bourgas cooper mines.

Mine Average F-factor Range of values
Propadnala voda 0.60 0.50-0.77
Rosen 0.53 0.37-0.62
Meden rid 0.48 0.40 - 0.67

The cumulated WLM exposure (CWLM) for a certain mine for the period since

radiation monitoring there started was calculated as follows:

CWLM (n) = Zn:WLM (i), (IV.2)

i=iy

where ip is the year in which the radiation monitoring in this mine has started. In
this way, the radon progeny exposure (WLM) of an “average miner” that has
worked in this mine from the year n; to the year n, is calculated as CWLM(n,) —
CWLM(n;). The CWLM for uranium mines is illustrated in Fig. 1V.1. and 1V.2.
and that for Bourgas cooper mines in Fig. IV. 3.
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Figure 1V. 1. Cumulated from the start of operation WLM exposure (CWLM) in
uranium mines in which the work started before 1970 and part of the
measurements are of **’Rn gas alone. Legend: 1 — 9 Septemvri, 2 — Seslavci, 3 —

Eleshnitsa 1, 4 — Eleshnitsa 2, 5 — Smolyan.
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Figure 1V. 2. Cumulated from the start of operation WLM exposure (CWLM) in
uranium mines which work started after 1972. All radiation data is based on direct
measurements of *Rn progeny. Legend: 1 — Bjala voda, 2 — Balkan, 3 —

Smolyanovci, 4 — Eleshnitsa 3.
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Figure 1V. 3. Cumulated from the start of operation WLM exposure (CWLM) in
Bourgas cooper mines of the group “Rosen”. Legend: 1 — Propadnala voda, 2 —
Rosen, 3 — Meden rid.

The error analysis in these WLM-estimates is problematic. From one side
the radiation levels at different working places in one mine are different and from
another almost every miner changes several working places within one year.
Therefore, some “smoothing” of the individual exposures can be assumed,
although the available database didn’t allow us to make more detailed statistical
analysis of the individual exposures. We used the results of the analysis of other
authors based on similar data base [109, 110]. They evaluated that calculated by
this approach individual exposures have uncertainty typically within 30%.
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The evaluated exposures in different mines were used to study the
correlation between ?’Rn progeny exposure of underground miners and

respiratory pre-neoplastic lesions.

IV.2. Bronchial dysplasia in underground miners exposed to *’Rn

progeny

The development of bronchial malignancy involves progressive changes
in the bronchial epithelium, from cell metaplasia to malignant transformation
[111]. The occurrence and progress of metaplasia is dependent on smoking, toxic
inhalants and inflammatory diseases. The stages that precede the development of
carcinoma are reversible and lung cancer develops only in a small proportion of
the cases of epithelial cell transformations. The examination of exfoliated
metaplastic cells, found in the sputum, has shown that cell transformation occurs
in the bronchial epithelium long before the development of clinical symptoms of
lung cancer. These observations led to research on sputum cytology as a method
for cancer prophylaxis in high risk groups [112-114] and it was also adopted in
medical examinations of uranium miners [115]. To study possible dose-frequency
response of proportions of miners with atypical metaplastic cells (to the level of
notable dyspalsia, as defined in [106]) a cytological study has been carried-out in
the 1990s in Bulgaria. The research team a included medical doctor, a physicist
(the author — responsible for study design and miners’ exposure estimates) and a
statistician. The studied cohort was of 434 underground miners (334 exposed and
a control group of 100 miners from a mine, where elevated levels of radon
progeny were not found). The entire cohort was of active miners that had still
worked underground at the time when the study had been made. They were
selected at random from workers in five uranium and six metal mines in Bulgaria.
The miners were classified into three categories of smokers: the smokers group

included only people who smoked >10 cigarettes per day for at least five years.
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The group of non-smokers included people who had never smoked. Ex-smokers
and moderate smokers who were exposed to “Rn were constituted as a third
group (there were no ex and moderate smokers among controls).

Sputum samples were taken and analyzed by the medical expert in the
research group. The specimens were classified as having dysplasia following the
definitions and classifications of Refs. [113-115].

The risk of dysplasia in relation to exposure to ?’Rn progeny, smoking,
and underground work experience was studied by logistic regression analysis
[116]. The determination of the 95% confidence intervals (95% Cls) was based on
the likelihood ratio criterion. The data were analyzed by the statistical package
SPSS/PC+, version 4.01.

In all the uranium mines and in three of the metal mines the data from
long term radiation monitoring was available. The 233 miners from these mines
were defined as group A. For each of them individual exposure was determined,
as described in the previous section. In the remaining two metal mines, “’Rn
progeny has been measured since 1991. The results have shown elevated levels of
222Rn progeny in the mines’ atmospheres, but the real past exposures could not be
determined directly. Their range was estimated by extrapolation, assuming the
same annual exposure in the past as in the years for which data was available. The
smokers and non-smokers from these mines were defined as group B. The ex and
moderate smokers were defined as group C. A detailed description of the groups

is shown in Table IV. 3.
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Table 1V.3. Description of the groups of miners.

Group A Group B Group C Controls
(n=233) (n=79) (n=22) (n=100)
Smokers 140 55 - 42
Age (mean (SD, | 40.3 40.0 37.3 42.9
range) y) (6.0, 20-59) (8.2, 23-56) (6.2, 25-44) (5.3, 24-51)
Work  duration | 9.5 7.4 8.1 11.7
(mean (SD, | (5.6, 1-24) (5.3, 2-28) (5.7, 2-21) 7.5, 1-25)
range) y)

The data in Table V.3 shows similar distributions of age and underground
work practice for exposed and not exposed groups. Therefore, the exposures to
silica, dust, and other toxic inhalants (not radon) were expected to be similar. The
study showed 87 cases of dysplasia among the 334 miners in groups A, B, C
(frequency 0.26, 95% CI1 = 0.21 — 0.31) versus three cases among the 100 controls
(0.03, 95% CI: 0.007 — 0.077). Thus, the higher occurrence of dysplasia in
exposed miners was significant (P<0.0001). This study also revealed dose-

response correlation in the exposed group, which can be seen in Table 1V .4.
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Table V. 4.

Frequency of dysplasia by exposure

Group Exposure Non-smokers Smokers
(WLM) Dysplasia/ Frequency Dysplasia/ Frequency
total (95% CI) Total (95% CI)
A 0-50 2/45 0.044 7137 0.19
(0.007-0.132) (0.085-0.335)
50 - 150 7127 0.26 26/77 0.34
(0.12-0.44) (0.24-0.45)
> 150 8/21 0.38 19/26 0.73
(0.19-0.59) (0.54-0.88)
B 2-70 4/24 0.167 8/55 0.145
(0.054-0.348) (0.069-0.255)
C 2.5 - 346 6/22 0.27
(0.11-0.48)
Controls 2/58 0.034 1/42 0.024
(0.006-0.10) (0.001-0.10)

The stepwise logistic regression analysis made with data for group A

revealed statistically significant correlation between the frequency of dysplasia
and both ?*Rn progeny exposure (P<0.0001) and smoking (P=0.0016). The
underground work experience did not fit the criteria for significance. These results

suggest that the prevalence of the dysplasia frequency in the exposed group is

probably related to *’Rn progeny exposure. The relation of the risk of dysplasia

and ?’Rn progeny exposure and smoking was quantified by logistic regression

analysis. In the model employed the risk of dysplasia was estimated as:

exp(—2.79 +0.012WLM +1.089Sm)

1+exp(=2.79 +0.012WLM +1.089Sm)’
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where smoking (Sm) is treated as dichotomous variable (0=non-smoker,
1=smoker). The numerical coefficients for smoking (1.089), exposure in WLM
(0.012) and the constant (-2.79) are the maximum likelihood estimates derived by
logistic regression. In general the results for groups B and C gave
semiquantitative support to the exposure-response relation found for group A.

The conclusion from this study was that the miners’ exposure to 22Rn
progeny results in a significantly increased frequency of squamous cell
metaplasia. At the level of notable dysplasia this frequency follows an exposure-

response relation.

IVV.3. Radon in the environment in Bulgaria

Due to the limited resources available for radon studies in Bulgaria, large
scale national survey and radon mapping of the country are not yet completed.
Instead, in the last two decades the efforts were focused on relatively small scale
studies in ,,radon risk areas“. Up to now we have revealed and regularly studied
three such areas:

e The village of Eleshnitsa. This was the second center of former
uranium industry in Bulgaria. Radon concentrations in this village
are increased in most of the dwellings as well as outdoors [24,
117];

e The town of Rakowski (population about 17 000).

e Areas near Sofia, affected by uranium industry. These include the
town of Bouchovo (the main center of uranium mining and milling
industry in Bulgaria) and several villages near by (Yana, Gorni

Bogrov etc.).
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1V.3.1. The case of Eleshnitsa

In Bulgaria, high concentrations of Rn were observed in the village of
Eleshnitsa (first outdoors [24, 117]). Large areas in this region are contaminated
with wastes from the uranium industry. The region as a whole exhibits enhanced
radioactivity associated with natural uranium. There was not any other industrial
air pollution in this valley. To study the radon problem there, a systematic survey
commenced in 1992. This included *’Rn and “*’Rn progeny measurements
outdoors and indoors, as well as measurements of the concentrations of **’Rn in
soil gas [24].

The basic methods used for 2Rn progeny measurements were [63, 67].
About 400 grab samples were taken in 1992-1994 in different seasons and at
random moments of the day and night. Similar measurements were also made
indoors, in some dwellings.

The ambient concentrations of “’Rn progeny showed diurnal pattern,
illustrated in Fig. IV.4. This pattern is close to the “typical” for the outdoor air
[118]. The PAEC varied in the interval from <200 MeV/L to about 14000 MeV/L.
The averaged diurnal distribution for the period 1992-94 is shown in Fig. IV. 5.
The average PAEC based on these measurements was found to be about 2300
MeV/L and the annual exposure due to outdoor radon was estimated to be about
0.9 WLM.
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Figure 1V.5. Daily variation of the PAEC outdoors in the village of Eleshnitsa.
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1V.3.1.1. Sources of ?2Rn outdoors

The following potential sources of ??Rn in the valley of Eleshnitsa have been
considered:

e Radon exhalation from contaminated and non-contaminated areas;
e Exhaust air from mine ventilation;

o Natural exchange of air between open mine adits and pits.

22Rn in soil gas was measured by integrated measurements through diffusion
chambers with passive detectors placed inside (these were solid state nuclear track
detectors Kodak-Pathe LR-115 type Il and thermo-luminescent detectors of
CaS0,4:Dy + 5% B4C). The plastic boxes were buried at depth of 60 cm and left
there for a controlled time.

The #Rn levels in soil-gas in non-contaminated soil in the village were
relatively low. The average background value (at depth 60 cm) outside the valley
was 4 kBg m™ [24], while in the village it was 7 kBq m™. However, the area is
surrounded by wastes and waste residuals from the former uranium mining and
milling and the whole valley is of enhanced natural radioactivity and rich in
surface radioactive anomalies. The soil gas concentrations there were
substantially higher, the averages being in the range 50 — 400 kBgq m™ and up to
1400 kBg m™ in some radioactive anomalies [24]. The measured soil-gas %?’Rn
concentrations were higher in the summer.

There was not any data about the ambient 2Rn concentrations in this
valley before the beginning of uranium industry. This hampered evaluation of the
impact of the uranium industry on radon contamination of the air. The main single
source related to uranium industry was the central ventilation of the mines. It
released, during mines’ operation (0.3 — 1)x10” Bq/s in the atmosphere. About
half of this amount was emitted near the village. In the first report on outdoor
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radon in the valley [117], the mines ventilation was considered to be the most
important cause for the elevated levels of outdoor radon. However, about 100
measurements in 1992 were in periods during which mine ventilation was
stopped for a long time. Notably, no difference in the PAEC distribution was
observed, the average value being the same: 2300 MeV/L. Based on these
observations, we excluded the ventilation exhaust as dominating radon source for
the village as a whole. The power of mine adits as radon sources was much
smaller than that of the active ventilation. Among all sources of #?Rn, probably
the dominating is the exhalation from the large natural radioactive anomalies. The
mining and milling wastes are serious sources, but based on the measured #?Rn
concentrations in the soil-gas and in the area of contaminated sites (0.2 km?
mining and 0.42 km? milling wastes) they are unlikely to release more radon in
the atmosphere than the anomalies and the sandstone hills surrounding the valley.
The soil underlying the village has much lower concentrations of #?Rn in soil gas
and its contribution to the outdoor concentration is assumed to be of secondary

importance.
1V.3.1.2. Indoor ??Rn in the village of Eleshnitsa

Three campaigns of indoor Rn measurements were carried-out in the
interval 1995-2001. The measurements in 1998-99 covered one year period. They
were made by diffusion chambers with Kodak Pathe LR-115/11 detectors placed
inside. The histograms of the distributions for living areas and basements are
shown in Figs 1V.6. and 1V.7. In 2000-2001 a subset of measurements was made
on the 1% and second floors. The statistical summary is shown in Table IV.5.
During the measurement period the average outdoor 2?Rn concentration was
about 80 Bgq m™ which corresponds to the early estimates and suggests that there
is not a systematic trend in the outdoor radon concentrations in the village. In part
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of the houses 2?Rn progeny measurements were made and the F-factor

determined. The mean value of the equilibrium factor was F= 0.65.

Table IV. 5. Statistical summary of the whole-year (1998-1999) 2*°Rn

measurements in Eleshnitsa. Non-parametric analysis [119] is applied for the 95%

CI of the median.

Floor Number of Arithmetic mean Median (95%
measurements Bqg m? Cl)
Bgqm™

Basement 36 490 245
(204 - 550)

1* floor 104 288 200
(180 — 251)

2" floor 97 220 151
(138 — 175)

1% and 2" floors 201 255 178
(164 —190)
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Figure 1V.6. Histogram of “’Rn concentrations measured in houses in the village
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Figure 1V.7. Histogram of *’Rn concentrations in basements in the village of
Eleshnitsa.
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The concentrations on the first floor are on average significantly higher

than that on the 2™ floor. The maximum concentration measured indoor was
about 3300 Bq m™.

In conclusion the basic features of the radon problem in Eleshnitsa are:

Relatively high outdoor ??Rn and **’Rn progeny concentrations were
observed with the annual mean of Rn being about 80 Bq m™. The
diurnal variations were significant with night values normally
exceeding by more than an order of magnitude those during the day.
The reason for this feature is in the generally enhanced natural
radioactivity in the valley where the village is situated and the specific
meteorological conditions on the spot: poor air circulation and
frequent air stagnation. The maximum in the concentrations is
normally observed after midnight, under conditions of air stagnation
and at that time normally full equilibrium between #Rn and ?’Rn
progeny is observed. The seasonal maximum of outdoor radon is in the
summer and the minimum in the winter, the difference being a factor
of two. The soil gas 2’Rn concentrations are also higher in the
summer.

The results from the survey of 22Rn indoors revealed an annual mean
varying throughout the years within the range 205-255 Bq m?, a
geometry mean within 162-178 Bq m™ and, in about one third of the

houses, concentrations exceeding 200 Bq m™.

An analysis of lung cancer incidence was not made in the village firstly

because the population is too small and secondly, because a severe bias due to the

high lung cancer incidence among the significant number of ex-uranium miners

living in the village was anticipated.
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IV.3.2. The case of the town of Rakovski

The unusually high lung-cancer incidence in the town of Rakovski
(population about 17 000) has been observed since the National Cancer Registry
of Bulgaria exists [120]. No local industrial activity or man-made pollutants could
reasonably explain the risk. Based on the available information, it appears that the
first radon measurements there were made in the winter of 1997-98 [121]. This
winter (December-February) survey revealed average concentrations of about 360
Bg m™ (range 25 — 1200 Bq m™). These results warned about the radon problem
in the town and more detailed investigations were carried-out in 1999-2001
[122].

The basic method of measuring indoor *’Rn concentrations was that of
the diffusion chambers with alpha-track detectors Kodak-Pathe LR-115 type II.
These chambers were calibrated with the primary ?’Rn standard in Laboratoire
National Henry Becquerel, CEA-Saclay, France.  Details of this procedure are
provided in Chapter Il.

In 1999-2000 parallel measurements were made in 61 houses with a case
of lung cancer among the inhabitants, which was observed in the period 1981-
1998 and in 136 houses without registered lung cancer cases. The average mean
222Rn concentration was about 27% higher in the houses with lung-cancer case
than the others, the difference being significant at 90% level. We still interpret
this difference with caution, as only being indicative for possible contribution of
the radon exposure to the increased risk.

The estimates of the annual mean concentrations are based on
measurements in 157 randomly selected houses. The measurements were
conducted from March 2000 to March 2001. The average annual mean
concentration was 234 Bq m™, the geometry mean 186 Bq m™ and in about 50%

of the houses the annual mean concentrations were higher than 200 Bq m™. For
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comparison, the world average proportion of homes exceeding this level is about
2% [2, 17, 18]. The distribution of the annual mean concentrations is shown in
Fig. IV.8.

During the 2000-2001 survey a questionnaire was delivered to the
inhabitants of the rooms where measurements were conducted. In this
questionnaire, among other things, there was an inquiry about the smoking habits
in the studied rooms. In 76 out of 157 houses an unambiguous answer was
obtained. The distribution of concentrations in this sub-set was found to be alike
in smoking and non-smoking rooms, the average annual mean being about 215 Bq
m3, with only 2 Bq m™ non-significant difference between smoking and non-
smoking rooms. Therefore, we don’t expect our findings to be strongly
confounded by the smoking habits.

Preliminary study of smoking habits revealed, that the proportion of
smokers among the men in Rakovski is about the same as among the men in the
urban population of Bulgaria, while among women it is most probably lower than
the average proportion of smokers among urban women.

The lung-cancer risk in Rakovski was analyzed using the data derived
from the cancer registry. In Rakovski the mobility of the population is low. One
reason is that this is the largest catholic center in Bulgaria, mostly orthodox
country, and the level of migration is low. The lung cancer cases for a period of
19 years (1981-1999) were taken from the National Cancer Registry, Bulgaria.
That Registry is population-based and has been collecting all new cancer cases,
diagnosed since 1968. The reporting is fairly complete, as hospital departments,
physicians and pathologists are obliged to report all new cancer cases all over the
country. The expected number of cases was determined using cancer incidence
data for the urban population of Bulgaria for the same time interval. The observed
number was treated as a Poisson variable and the statistical analysis was made by

conventional methods [119].
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The essential features in the lung cancer incidence data, shown in Table
IV.6. are as follows [123]:

a) Significantly increased risk — about twice for both sexes, compared to the
urban population of the country, which has higher incidence than the rural
one;

b) The relative risk for young males (< 49 yr.) is about 1.8 times higher than
that for aged > 50 yr., the difference being significant. The observed
number of female lung cancer cases is too small to conclude about such
an effect. No other cancers, except lung-cancer, showed significantly

higher incidence rates than the control population.

These considerations should be classified as an “ecological study”. These
studies can be subject of uncontrolled bias of confounding factors [124] and
cannot be considered as an evidence for real statistical correlation. However, the
region of Rakovski is not an “unique radon hot-spot”. Similar areas are also found
elsewhere [125, 126]. Targeting population that lives at high radon exposures and
has low residential mobility may help to improve the risk estimates [127]. In the
present study there are several major indications that ?’Rn exposure may
contribute to the lung cancer risk: a) equally increased relative risk for males
(mostly smokers) and females (mostly non-smokers), b) indication for higher
222Rn concentrations in houses with a case of lung cancer among the inhabitants,

c) the significantly higher risk for young males.
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Table 1V.6. Cases of lung cancer in the town of Rakovski in 1981-1999 using the

rates of the urban population of Bulgaria as a standard.

Group Observed Expected SIR™ (95% CI) P-value
Males, < 49y 34 10.28 3.31(2.29-4.62) <10™
Males, >49y 140 74.36 1.88 (1.58-2.22) <10°®

Males, all ages 174 84.64 2.06 (1.76-2.39) <10°
Females, all ages 27 14.19 1.90 (1.25-2.77) <10*

e SIR = standard incidence ratio

Proportion of houses (%)
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222Rn concentrations (Bq m™)

Fig. 1V.8. Distribution of the annual mean **’Rn concentrations in dwellings

in the town of Rakovski obtained in the measuring campaign 2001/2002.

In conclusion we suggest that making an analytical epidemiological study
in Rakovski and, eventually, pooling it with other risk groups in high radon areas
may lead to more precise direct risk estimates in shorter time and with less
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resources than pooling large epidemiological studies that are diluted by the great

number of persons who live at low radon exposures.

IV.3.3. The case with areas affected by the uranium industry close to
Sofia

Uranium industry in Bulgaria commenced in 1945 under Soviet control.
The first mining centre was near the town of Bouchovo, about 23 km from the
city of Sofia, the capital of the country. The uranium deposits in the region around
Bouchovo have been object of interest, exploration and pilot technological
attempts by German and Bulgarian experts and organizations, even before 1945,
but not at industrial magnitude. As a result of mining and milling activities in the
40s and 50s and due to the absence of adequate radioactive waste management
large areas have been radioactively contaminated. The contamination is mainly
from the uranium milling wastes which were released freely in the environment
till 1958. In the next decades several radiological investigations have been made
in the affected region, but the number of radon and radon progeny measurements
(mostly grab sampling measurements) was rather limited. Still, they indicated
elevated radon concentrations in some dwellings [128, 129].

In 2003-2004 a radon survey was carried-out in areas near Sofia, affected
by the uranium industry. The measurements were made by the commonly used
diffusion chambers with Kodak-Pathe LR-115/11 detectors exposed for 3 months.
The histogram of the distribution is shown in Fig. 1V.9.
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Figure 1V. 9. The histogram of the distribution of ?’Rn concentrations in houses

in Bouchovo, Yana, Gorni Bogtov and Seslavci.

Results clearly indicated that in about 50% of the dwellings in this area
222Rn concentrations are > 200 Bq m™. This revealed radon prone area with
significant radon risk. In a further study, still ongoing in this region, CDs/DVDs
stored indoors are analyzed, using the CD-method for retrospective radon
measurements [130, 131]. The pilot results also suggest elevated radon in this area
[130].

In search of the source of radon indoors, *?Rn measurements in soil gas
were organized. These measurements were integrated, by diffusion chambers
buried at depth 60 cm. The average background concentration was 6.0 + 0.7 kBq
m™. The levels in the contaminated areas were substantially higher: from 13 to
820 kBg m™®, the last value being measured in the village of Yana. It should be
also mentioned that the first radon mitigation systems in Bulgaria were installed
in risk dwellings in this area. The author provided technical consultancy for their
design and installation [132]. The technical design followed established technical
standards and practices [133, 134]. Figure 1V.10 illustrates the efficiency of the
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combined (passive+active) mitigation system installed in the kindergarten of

Gorni Bogrov.
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Figure 1V.10. Reduction of *Rn concentrations by passive barrier alone (200
um polyethilenne soil-gas retarder + 3 cm floor cement coat) and after the
switching on the active sub-slab depressurization (full system). The horizontal
line is the maximum permissible mean #*?Rn activity concentration (300 Bq m™)

according to the current Bulgarian legislation [135].

The gathered experience allowed to test in 2012 an integrated approach to
the radon problem in dwellings. Within this approach all steps of the basic
process: “detection of the problem — diagnostic measurements — mitigation” are
considered as an united whole. The results of its practical application in 2012, in
which most of the methods described in this dissertation were used in practice is

illustrated in Annex Il.
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V. POLYCARBONATE METHOD. KEY CONCEPT
AND METHODOLOGICAL BACKGROUND.

To use polycarbonate materials of high radon absorption ability for
measuring radon was first proposed by the author in 1999 and the first
experiments were made in collaboration with researches from the University of
Ghent, Belgium [136, 137]. This “polycarbonate method further” revealed a clear
potential to contribute for efficient solution of some important problems in radon
dosimetry [137-140] and for measurement of other radioactive noble gases [141,
142]. The chapters V, VI and VII are dedicated to radon-related research and
applications of this method.

V.1. Key concepts

The properties of bisphenol-A polycarbonates (trade names: Makrofol,
Lexan etc.) as SSNTDs were studied and used for decades [143]. More recently,
their remarkable ability to absorb radon was mentioned in the literature [144], but
considered as a potential source of error in radon measurements. The key concept
of the first (and most studied and used) version of the polycarbonate method is to
employ this absorption ability in combination with the track-etch properties of
such polycarbonates as a new approach for quantitative measurements of 2°Rn
[136, 137]. Probably, the most important achievement was the development of
method for precise retrospective ?2Rn measurements using home stored CDs and
DVDs [138, 139, 145, 146]. Bisphenol-A polycarbonates are widely used as a
basic constructive material for compact discs (CDs) and digital verbatile discs
(DVDs). Therefore, home-stored CDs or DVDs may serve as long-term

retrospective radon detectors. Except measuring in air, measurements of %?Rn in
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water and soil-gas were recently initiated [146-148] by different versions of the
polycarbonate method.

In brief, the method consists in the following: First, a polycarbonate
specimen (e.g. Makrofol-foil, CD, DVD) is being exposed to radon. During
exposure the ??Rn atoms that are trapped on the polycarbonate surface further
diffuse in depth. After decay they emit alpha-particles and give birth to decay
products, two of which (***Po and #*Po) are also alpha emitters. As ?’Rn progeny
atoms rest immobilized in the polycarbonate matrix at the point of their origin,
their volume distribution is the same as that of **’Rn. For a polycarbonate
specimen placed in radon containing atmosphere one can distinguish “external”
and “internal” alpha sources. “External” to the plastic volume are alpha-particles
coming from the ambient radon (**Rn and *°Rn) and radon progeny, as well as
those from the deposited on the surface radon progeny atoms (radon progeny
plate-out). The “internal” source is the absorbed 2’Rn and its progeny. With the
method, after exposure, we remove a sufficiently thick layer from the surface and
etch electrochemically alpha tracks at that depth (Fig. V. 1). This way none of the
alpha-particles from the external sources can reach the etched detection spot. The
“external” sources are highly variable and dependent on particular behavior of
radon and radon progeny in the ambient air and close to the surface. If the layer is
thicker than 80 um (76 um if take into account that a-particles of energy below
certain threshold cannot create tracks) any influence of the ,.external® alpha-
particles is effectively cancelled out.
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Fig. V. 1. Traces of alpha particles in the polycarbonate material. Beneath the
dashed line (i.e. > 76 um beneath the surface), the traces are related only to the
absorbed ?’Rn and its progeny (***Po, ?*Pb, ?*Bi + #**Po). Three alpha particles
originate from one point — those of ??Rn, #®Po and #*Po. The ??Rn progeny
atoms rest immobilized in the solid matrix and decay in the point of decay of the

parent >’Rn atom.

The first step of processing consists of removal, from the surface of the
exposed polycarbonate specimen, of layer thicker than the maximum range of the
alpha-particles from ?*’Rn and *°Rn progenies plate-out on the surface. This layer
should be > 76 um. Usually it is about 80 um or more and is removed chemically.
After that electrochemical etching (ECE) is applied and the tracks, which at that

depth are related only to the absorbed **’Rn, are counted.

V.1.1. Methodology

The methodology consists of the following steps:
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Exposure of polycarbonate specimens (or “detectors” as named
further in the text) to radon. In retrospective mode the detectors
(CDs/DVDs) are already exposed for long time (years). The
exposure time with this method in air is relatively long, e.g. a year
or more. However, laboratory exposures, as well as those in water
and soil gas are usually shorter (days, weeks).

Outgasing. After exposure the detectors are left in radon-free air
to allow the absorbed radon to decay and degas for some time
(about two weeks). The process of sorption and desorption of ’Rn
is described in section V.3. This process depends to some degree
on the exposure time and the size of the specimens, but in any case
the outgasing is effectively finished within about two weeks.
Therefore, the time for outgasing of two weeks can be considered
sufficient. The outgasing is of significance only for relatively short
exposure times. In case of CDs/DVDs, already exposed
retrospectively for years, skipping this step practically does not
affect the results.

Removal of surface layer. The necessary thickness (usually about
80 um) is removed by chemical pre-etching (CPE). This is usually
done by aqueous solution of 52% KOH (m/v) and 40% methanol
(m/v) at 30° C. At this regime the bulk-etch velocity is about 1 pm
min™ and the targeted depth can be reached in a reasonable time.
Electrochemical etching. The tracks at the studied depth are
revealed by electrochemical etching (ECE) [149, 150]. The ECE
process is performed at effective electric field in the range (for
different experiments) 3.0 — 4.4 kV mm™ at frequency 6 kHz
(2kHz in the early experiments) and temperature 25° C. The
etching solution is mixture of ethanol with 6M KOH solution with

1:4 volume ratio. The process starts with 30 min pre-etching with
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the same solution. After pre-etching the electric field is applied for
3 hours. To apply the method for detectors of thickness 1.2 mm
(CDs) or even more, a generator of variable effective voltage up to
4 kV was constructed by Ekotronik Ltd. (www.ekotronic.cz). A

photo of the equipment that is installed and used at the Laboratory
of Dosimetry and Radiation Protection at St. Kliment Ohridski
University of Sofia is shown in Fig. V.2.

e Track counting. We employ mostly automatic counting by
computer scanner. More details about the dedicated algorithm and
software are given by Mitev et al. [151]. In some special cases
visual counting, by a transmitted light microscope was done.

The “signal” of the detectors is the net track density at the studied depth.
At any fixed depth (> 80 um) it is almost perfectly correlated with the integrated
222Rn activity concentration. This can be seen in Fig. V.3. This correlation is used
to “calibrate” the detectors. One feature of this method, used with CDs/DVD is
that two possible modes of calibration are possible: standard (a priori) and
individual a posteriori calibration of detectors. These modes are discussed in the
section V1.4.2.
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Figure V.2. A photo of the experimental equipment used for CPE and ECE of

polycarbonate detectors.

128



500

400

300

200

Track density (cm)

100

0 200 400 600 800 1000

222Rn exposure (kBq d m-3)

Fig. V. 3. Correlation between the net track density at depth 83 um (A) and 117
um (e) beneath the front surface of Makrofol (300 um thick plastic foil) and

integrated *’Rn activity concentration.

V. 2. Experimental studies

One of the first task addressed was to study of the possible influence of
different factors to the experimental uncertainties. These factors include: the
influence of the jewel cases of CDs, the effect of the humidity, the pressure, the
temperature, dust and smoke-stained atmosphere, thoron (*°Rn) presence, the effect
of #°Po after long term exposures, laser light during rad/write of CDs/DVDs. To
reveal the useful range of the method the background track density was studied and
the range of concentrations quantitatively measurable by this method was evaluated.
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V.2.1. Evidence that the signal at depths >80 zm is due only to the

absorbed “?Rn and its progeny.

Numerous tests have been conducted to study whether the plate-out of the
222Rn progeny on the surface of the detectors contributes to the track density at the
studied depths. The results are described in more detail elsewhere [137-140] and
the essence is the following (all statements are valid for depth > 80 um, but if
220Rn is absent, they are true at > 64 um):

e No tracks above the background have been observed after
irradiation of the detector surface with 7.69 MeV alpha-particles
with a flux up to 50,000 cm™.

e No difference in the track density has been observed when
detectors were exposed bare and covered with a filter that allows
radon to pass through but prevents radon progeny plate-out on the
surface.

e In one experiment detectors were exposed to 2°Rn. In this
experiment the experimentally determined alpha-particle flux
from the plate-out of ’Rn-progeny was about 730,000 cm. This
value was more than twice higher than the ?Rn progeny plate-
out alpha flux in the highest exposed group in *’Rn laboratory
experiments, but no significant effect was observed. The track
density at 83 um depth was 10.0 + 1.2 cm™, while in the highest
222Rn exposure group of detectors it was > 400 cm™. Even the
small increase of the track density above the background (3.8 +
1.1 cm™) could be due to the small amount of the absorbed *°Rn,
not to the plate-out contribution. Although, in principle, some
plate-out contribution from the rare ??Po long-range alpha-
particles could be expected at 83 um, the numerical estimates

showed that this is negligible.
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e After aset of 10 detectors were exposed to one and the same #?Rn
concentration, in half of them 83 um were removed mechanically
from the surface. This mechanical treatment removes virtually all
latent tracks from “external sources”. In the remaining half the
same layer was removed by CPE. Afterward ECE was applied for
both sets. The net-track density of the mechanically treated
detectors was 297 + 16 cm™ and that of the detectors treated by
CPE was 289 + 22 cm™. We consider the statistically identical
signal in both cases as a direct evidence for the absence of any
plate-out contribution to the tracks at the studied depth.

e There is no difference in the signal between bare CDs and those
exposed in their jewel cases. In these cases there is a small (~1
mm) air gap between the front surface of the CD and the board of
the case. Under such circumstances the plate-out on the surface is
substantially lower than in the bare mode [152]. Therefore, a
significant difference in plate-out contribution would result in a
significant difference in the track density. However, there is no

indication, even small, for such difference.

Given this evidence, we firmly interpret the tracks at a depth > 80 um (76
um) are related only to the absorbed ?’Rn and its progeny, thus any plate-out

contribution being cancelled-out.

V.2. 2. Factors which influence has been studied

The prospects for implementation of this method seem to be considerable.
Therefore, experiments were carried-out to study thoroughly the performance of
the method and the influence of different indoor environmental factors that might

contribute to the uncertainty. For all irradiation experiments, the detectors were
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placed in hermetic laboratory vessels (0.23 m* glass bulbs or 0.011 m® metal
pans). The radon was supplied by a certified source (Model Rn 1025 radium
source; Pylon Electronics Inc., Canada). During the exposures the radon
concentrations were followed by reference measurements with Lucas-cells, which
were calibrated with a National Physical Laboratory (UK) primary radon
standard. The uncertainty of a single measurement is less than 3%.

In many laboratory studies, spread over one decade time, the following
environmental factors were found to have little or no effect:

» Pressure: Studied over 57 — 148 kPa range. The pressure
experiment was performed with 3 sets of CDs exposed to the same
integrated radon concentration (529 kBq d m™) at three different
pressure levels (57.4 kPa, 100.6 kPa and 147.7 kPa at 23.5 °C). No

significant effect seen [140] as seen in Fig. V.4.
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Figure V. 4. Signal at different pressure for 300 um Makrofol (A) and CD (e).

132



» Cigarette smoke: Studied in artificially created cigarette smoke
much denser than what realistically can be found indoors. There
was an indication for some 11% reduction of the track density in
the smoke-stained detectors [140]. Since these detectors were
much deeper colored than those exposed even in the most smoke-
stained smoking rooms, it is unlikely that the effect of cigarette
smoke under real living conditions will be stronger;

» Dust deposition: Studied with dust artificially deposited on the
detector surface to a level that exceeded significantly what we
observed on detectors, exposed even in the most dusty
environment under real conditions. There was no difference
between clean and dusty detectors [140];

» Humidity: Studied over 0 — 100% RH range. Not significant
effect, however, some indication for reduced signal at RH=100% is
noted [140]. To test whether the humidity has a noticeable effect
on the CD’s performance, 3 sets of CDs were exposed to 222Rn
under 3 levels of relative humidity (RH), RH=0%, 44% and 100%
[139]. The track densities at RH=0% and 44% were practically the
same, while there was an indication for some non-significant 6%
reduction of the track density at 100% RH. Possibly, there is a real
effect at the humidity levels that approach 100%, but its magnitude
is certainly less than 10%;

> Presence of ?°Rn: Studied at ?°Rn integrated concentrations > 6
MBq d m™. The observed track density at 83 pum was slightly
higher than the background (10.0 + 1.2 cm™ vs. 3.8 + 1.1 cm™).
Under similar integrated ??’Rn concentrations, the track density is
at saturation level (>2000 cm™). The small excess above the

background in this experiment could be due to a small amount of
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229Rn absorbed in the polycarbonate and diffused to depths from
which a-particles can reach the depth of 83 um beneath the

surface.

Other studied factors include:

Mode of storage of CDs and DVDs used as retrospective “*Rn
detectors. Normally, CDs are sold and stored in jewel cases. These are
not hermetic and radon gas may enter freely. Still the possible difference
in response due to the storage in jewel cases was examined. Two kinds of
jewel cases were examined: the 10 mm high classical type and the more
recent 5 mm high type. In all experiments bare CDs and CDs in jewel
cases gave the same results within the experimental uncertainty.
Therefore, it was concluded that there is no effect of jewel cases. This is
also an indirect evidence for the absence of any plate-out contribution. The
plate-out when the detector surface faces a narrow gap (as a CD in a jewel
case) is substantially smaller in comparison to wider gaps [152] or to bare
detectors. The absence of a significant difference in track density between
bare and enclosed CDs is one more argument for the absence of any
contribution from the plate-out to the tracks at the depths studied.

Response from either side of the Makrofol detector [153]. Both sides of
the employed as detectors Makrofol foils are different, one side being
glossy and the other mat. Potentially, either one could be used as detector
surface but it is not a priori clear if the response to radon will be the same.
The knowledge whether both sides behave equally or not is also important
for the modeling of the processes underlying the present method. In order
to address this question, the following experiment was carried out. The
glossy side of some detectors was hermetically covered with a 23um thick

Mylar foil by gluing the margins together. Other detectors were covered
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on the mat side or on both sides. All 3 sets were exposed to the same

integrated 2’Rn concentration (983 kBq d m™). The results are as follows:

o The track density at a depth of 83 um of the detectors covered
on both sides (7.8+1.1 cm™) is somewhat higher than the
background of non-exposed detectors at the same depth
(3.8+1.1 cm™®). However, it is sufficiently low, so it might be
assumed that mylar stops efficiently the radon penetration.

o The 83 um track density of the detectors exposed to the mat
side was 374 + 36 cm™, while the density of those, exposed to
the glossy side was 398 + 35 cm™. Since the difference is not
significant it appears that there is no sharp disparity in the

absorption manner from both sides.

Effect of °Po in the detector volume after long exposure times.
For long exposure times the growing %°Po activity in the detector
volume may also contribute to the observed track density. This effect
was studied by a theoretical modeling of the process. The growth of
the *2°Po activity from the 2’Rn activity (taken constant over time)
was determined by solving the known equations for the radioactive
chain transformations [72, 73]. After the integration of the result over
time, the correction factor was calculated which shows the relative
increase of the track density compared to a short-term exposure to the
same integrated “*’Rn concentration. The numerical values for the last
factor are as follows:

= 1-year exposure: 1.002,

= 10 years: 1.042,

= 20 years: 1.081.
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Therefore, the bias due to the long-lived ?*’Rn progeny is less than
10% for realistic exposure times and may be taken into account by a
proper correction factor.

Fading of polycarbonates as nuclear track detectors. There is
several decades experience in use of polycarbonates as nuclear track
detectors. In particular, Makrofol detectors have been regularly used
in the Laboratory of Nuclear Physics at the University of Ghent,
Belgium, since 1981. Since that time there is a many years’ experience
of storage of irradiated detectors in a protective box with aged, radon-
free air, sometimes for years. All data strongly indicate the absence of
fading in Makrofol [154].

Effect of the laser light on the tracks in Makrofol and CDs. The
effect of light on the track-etch properties of polycarbonates is a
somewhat controversial issue. An effect of the light of strong 5-15 W
lasers on the track-etch properties of alpha track detectors, CR-39 in
particular, has been reported [155]. As the read-out of CDs is by a
narrow laser beam (with a power of the order of 1mW), one may
speculate whether this may have an effect on the latent tracks.
Therefore, Jozef Buysse made some theoretical estimates to address
this problem [154]. The laser light used for CDs has a wavelength of
780 nm that is converted to 500 nm in polycarbonates. The spot of
light that hits the CD’s upper surface has a diameter of 800 pm and is
narrowed down to 1.7 um at the registration layer level. The diameter
of the spot at a depth of 80 um will be approximately 750 um, which
corresponds to an area of 4.4x10° um2. The total area of the active part
of the CD (between the diameters 46 and 117 mm of the total CD’s
diameter of 120 mm) is about 9.1x10° pm?. For a typical playing time
of 74 minutes, this means that the laser will see each spot during

roughly 0.2 seconds. This is an average value since in reality the speed
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of rotation is not constant. We could compare the laser beam power of
1 mW on a spot of 4.4x10° pm? with the typical power of daylight at
the earth’s surface, which is between 250 and 400 W m™ (or 0.11 to
0.18 mW on a 4.4x10° um? spot). Therefore, the laser flux is 5 to 9
times more intense than daylight at the earth’s surface. Taking into
account the difference in intensity, but assuming neither intensity nor
wavelength effect, it might be concluded that playing a CD during 74
minutes is the same as exposing it during 1 to 2 seconds to daylight.
Or playing a CD 1000 times would be equivalent to an exposition to
daylight during 16 to 33 min. There is no indication, even small, for
any effect of daylight on Makrofol for such times. The writing process
in CD-Rs or CD-RWs takes place with a power in the range 4 to 14
mW, but the writing could be assumed as a much more rare action
than reading and, in general, the above estimate is valid as well. In
spite of no direct experimental evidence, the conclusion is that the
possibility for a profound effect due to the laser light is probably

small.

Notably, the only factor that demonstrated substantial influence over results
was the temperature. The temperature effect is significant, as can be seen in Table
V.1, where several experimental studies are summarized [139, 140, 153]. As seen, if
take the temperature of 20° C as a reference value, the relative variation of the signal
within 10 — 30° C interval is -22 + +12% at depth 80 pm, -32 = + 33% at 120 pm and
-44 + +73% at depth 165 pm.
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Table V. 1. Relative bias of CF at different temperatures. The temperature 20° C

is taken as reference temperature

Depth

Temperature 80 pm 120 pm 165 pm
5°C -37% -48% -55%
10°C -22% -32% -44%
15°C -10% -16% -26%
20°C 0% 0% 0%
25°C 7% 17% 33%
30°C 12% 33% 73%
35°C 14% 50% 121%
40°C 14% 68% 176%

To study the temperature effect dedicated experiments were carried-out in

2001-2003 [139, 140]. The essence of the results is presented in the next section.

V. 2. 3. Influence of the temperature

V.2.3.1. Basic experiments

In order to study the depth distribution under different temperatures, CDs of
the type Kodak CD-R Ultima 80 700 MB were exposed under laboratory
conditions (at the University of Ghent, Belgium) to controlled “*’Rn
concentrations at 4 different temperatures (5°C, 19.5°C, 23.5°C and 38°C) [139].
The integrated *’Rn concentrations were respectively 984, 1010, 1061 and 1011
kBq d m™, respectively. After the outgassing a layer was removed mechanically
from the back so that the residual thickness of the etched spot, after CPE, was 230
um. This way the thickness of all detectors, loaded for ECE, was alike and the

regime of the ECE was fully equal for all detectors.
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The track densities were determined in the range of depths between 70 um
and 300 um beneath the surface, normally with a step of 10 um. Each CD was
treated for a different depth by CPE and after that the standard ECE and track
counting were applied. The CPE for the depth distribution experiments was
performed at 25°C with aqueous solutions containing 52% KOH (m/v) and 40%
methanol (m/v). By using this stronger solution the bulk etch velocity was
increased to more than 70 um per hour.

In order to compare the results obtained under different temperatures we
used the CFs instead of the track densities, as the reference radon exposures were
not exactly the same at the four different temperatures. The dependence of the
CFs on the depth at the studied temperatures, in log-linear scale, is shown in Fig.
V.5. The experimental results imply that the depth distributions of tracks (or CFs)

at different temperatures are close to exponential.
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Figure V.5. The dependence of the CF on the depth beneath the front
surface of the CD. The dependences are for 4 temperatures: (¢) 5° C, (m) 19.5° C,
()23.5°Cand (A)38°C.
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The straight lines in this scale correspond to the exponential dependence:

CF(t, d) = B(t) exp (-£(t)d), (V.1)

where B(t) and f(t) are functions of the temperature t (°C) and d is the depth (um)
beneath the front surface of the CD. The above should be used only if d > 64 um
(if only ?*’Rn is present) or d > 76 um (if >°Rn is also present). At shallower

depths the alphas from plate-outed progeny atoms contribute to the track density

and the method cannot be used.

The regression analysis has been made by SPSS, version 9.0 statistical
package. The slope of the lines (Fig. V. 5) increases with decreasing temperature.
Although the experiments were performed at only four different temperatures, the

general trend of the functions B(t) and 4(t) can be seen in Fig. V. 6a,b.
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V.2.3.2. A posteriori temperature correction

The dependence of the “slope” (or factor ) on the temperature (Fig.
V.6b.) could be successfully used to substantially reduce the temperature bias. To
illustrate the potential of this approach, a simple case will be considered. The
track counting is made in 2 different depths: 80 um and 180 um (the residual
thickness being 230 um in both cases). The uncertainty in the track density is
assumed to be 10% and the uncertainty in the measured depth is assumed to be 3
um. These values are realistic. For instance, the standard deviation of the track
density ratio at 80 um and 180 pm obtained at 23.5°C was 8% and the basic
uncertainty in the detector thickness measurements (by a micrometer or by a
precise weighting before and after CPE) was normally less than 3 um. Using Eqg.

(V. 1) one may obtain:

CF (d1) = X = Bexp(/Ady)
! (V.2)
CF(d>) =% — Bexp(-/3d2)

and by dividing the above two equations and taking a logarithm one may obtain:

Ln(r’%)
Feg o (V.3)

where I is the integrated Rn concentration, d; = 80 pum, d, = 180 pm and n; and
n, are the corresponding net-track densities. Therefore, taking into account the

propagation of the uncertainties one may obtain:
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where o(f) and o(d)=0o(d;)=0(d,) are the uncertainties in the corresponding

values. After it is noted that:

o’(n)  o’(n,)
n; o

(V. 4%)

GZ(Ln(;‘—l»=02(Ln<n1))+02<Ln<nz)>=

and taking into account Eq. (V. 4), the following expression is obtained:

o’(n)  o’(n,)

G;’(zﬂ):(d _1d )? : IE & +20°(d) | (V.4)

Under the assumptions made, the factor g will be determined with relative

uncertainties as follows:

at5°C : 7.3%
at 20°C: 8.4%
at 38°C: 14.4%
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Then, using the dependence illustrated on Fig. V. 6b one may estimate the
average temperature during exposure. By converting the uncertainty in g into the
uncertainty in t, the “a posteriori” temperature estimates imply the following

uncertainties:

at 5°C: +5.1°C
at 20°C: +4.2°C
at 38°C: +2.6°C

From the calculated average temperature with the above uncertainties a proper CF

could be determined with an uncertainty that could be substantially less than 25%.

The potential of this approach can be demonstrated more directly if the CF
is plotted against S as shown in Fig. V. 7. For a depth 80 um one may see that a
large uncertainty at small g (high temperatures) will be projected in a small
uncertainty in the CF because of the small slope of the trend in that region of the
graphic. With the above uncertainties in g, potentially, the CF at 80 um could be
“reconstructed” with an uncertainty of about 10% at 20°C or even less in the
region of high temperatures (as low as 4% at 38°C). However, to achieve this the
statistical power of the CF-£ dependence should be sufficiently improved by
adding points at other temperatures within the range that is realistic indoors. The
analysis also showed that the accuracy of this a posteriori temperature correction
is lower at low temperatures. For instance, the uncertainty in the reconstructed CF
at 5°C may approach 30%. However, we don’t expect such low mean

temperatures in inhabitable rooms.
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Figure V. 7. The dependence of the CF on £: (A) at 80 um, (e) at 120 um. The

lines are polynomial (2™ degree) interpolations.

The dependence of the CF on the temperature at the depths of 80 um and
120 um is shown in Fig. V. 8. As seen this dependence is markedly non-linear at
80 um. A bias could be expected in the event of a highly non-stationary
temperature regime with large amplitude. We evaluated its magnitude under the
following extreme assumptions: exposure to radon for half of the time is at 5°C
and for the other half at 38°C. At these rather unrealistic conditions the deviation
in CF from its value at the mean temperature of 21.5°C would be 16% at 80 pm
and 4.5% at 120 um. As seen, the results at a depth 120 um are less biased under

highly variable temperature conditions.
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Figure V.8. The dependence of the CF on the temperature: (A) at 80 um,

(@) at 120 um. The lines are polynomial interpolation.

V.2.4. Field comparison

The comparative measurements were arranged in 23 houses in the town of
Rakovski. The existing radon problem in this town is described in Chapter IV. In
all of these houses, Makrofol foils (300 um thick) and conventional diffusion
chambers were placed close to each other and left for 301-day exposure [140].
After exposure, the Makrofol foils were treated by the standard etching/counting
procedure. The results of this comparison are shown in Fig. V. 9. For calculating
the concentrations by Makrofol detectors the CF at a temperature of 19.5° C was
used. The general agreement between the concentrations measured by the
polycarbonate method and by the conventional diffusion chambers is clearly
visible. Because of the limited exposure time, the uncertainty in the Makrofol

detectors was normally higher than 10%. The observed dispersion of the
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experimental points could be partly explained by likely different temperature
conditions during exposure. However, the slope of the trend line (1.03) suggests

that the real average temperature is close to that assumed in the CF-value.

y = 1.00x
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“Ian by diffusion chambers (Bq m~)

Figure V. 9. A comparison of the average “’Rn concentrations obtained
by the polycarbonate method (Makrofol) and by diffusion chambers with Kodak
Pathe LR-115/11 detectors.

V. 2. 5. Limits of precision and range of sensitivity

In order to study the limits of precision of the method, contributions to the
uncertainty coming from the counting statistics, small variations in depth of the

chemically removed layer and the effect of the long decay chain were analyzed.

V. 2. 5. 1. Standard deviation within a set of detectors

The standard deviation obtained within one set of equal detectors exposed
under the same condition was normally less than 10% but, generally, higher than
the expected value after Poisson counting statistics. With the track density range

in the most laboratory experiments (100-700 cm™) and the counting area
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examined (usually 2.5 cm? for Makrofol and 10 cm? for CDs), the Poisson
standard deviation was 1.2 — 6%.

Without strong control, small variations in the depth of the CPE-removed
layer are possible (usually within £ 5 pm but sometimes greater). Variation in the
removed layer affects the results by two “mechanisms”: Let’s for instance the
removed layer is a bit greater than the targeted one. This way, the studied depth
will be greater and the signal will be lower, because it decreases in depth. From
the other hand, with greater removed layer the residual thickness (h) of the
detector, loaded for ECE will be smaller, therefore the effective electric field
(U/h) higher. At higher fields the ECE efficiency is higher, resulting in an
increase of the signal. As seen, both “mechanisms” work in a partly compensating
ways. The resultant uncertainty, incurred on the results has been studied by
analysis of the full set of the available experimental data and by theoretical
modeling using the described in section V. 3. theoretical model. Both approaches
gave similar results. For illustration we will use the two most frequently used
polycarbonate detectors: Makrofol of 300 um thickness, etched at 800 V
effective, and CDs of 1.2 mm thickness, etched at 3.3 kV effective. In both cases
we will assume target surface removal of 80 um. The analysis shows that 3 um
variation in the thickness of the removed layer incurs uncertainty of 3.5% for 300
um Makrofol and 5.5% for CDs. The correspondent results for 5 um variation are
6% and 9%, respectively. Such uncertainties may compete the contribution of the
Poisson statistics to the total uncertainty and in some cases can dominate.

V. 2. 5. 2. Effect of the long decay chain.

When the “counting time” of the long decay chain is long enough, compared to

the half-life of the nuclides, there is a probability to observe tracks not only from the

alpha of the parent atom, but also from some of its progeny atoms. As a result part of

the tracks are correlated and the standard deviation could be different than what is
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expected according to counting statistics. Analysis of this “effect of long decay
chains” has been of concern for a long time and was addressed with regard to 222Rn
measurements by [156].

To analyze the effect for the present case, the geometry of the source should be
considered. According to previous studies, we assume that the energy window for the
employed ECE mode is 0.5 — 2.0 MeV and the average critical angle is about 43°
[157]. The “source” comprises the radionuclides “?Rn, **®Po and ***Po, each emitting
alpha particles of different energy and therefore coming from different distances to
the detection point. This is illustrated on Fig. V. 10. To simplify the analysis we will
assume a homogenous activity distribution and absence of migration of the progeny
atom in the lattice. As seen in Fig. V. 10 there is a small overlap only between the
222Rn and #%Po detection volumes. When an alpha particle from a #Rn atom is
detected, it is not possible to detect the alpha particle from the #**Po atom that is
matched to the same ?’Rn atom. The same is valid between ?*Po and ?**Po, too.
With regard to the couple ?’Rn-?*®Po, even if one assumes registration on the
detection spot of all alphas emitted in the detection volume (which is a tremendous
exaggeration) only 17% of the tracks from #?Rn will be coupled with a progeny
28pg-atom track. Using the approach of Ref. [156] for this case, it was found that the
multiplying factor for the standard deviation is about 1.03. Because of the last
assumption this is a conservative estimate and the real factor is even closer to unity.
The fact that the real activity distribution is not uniform cannot change the picture
dramatically. Therefore, the effect of long decay chain is negligible for the present

method.
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Detection spot —»

Figure V.10. The volumes in the polycarbonate material, from which alpha
particles emitted from the correspondent radionuclides can be registered at the

detection spot.

The major factor that contributes to the larger uncertainty than expected with
Poisson statistics is probably the thickness variation of the removed layer. This
implies the possibility, by using a strong control for the removed layer, to achieve
precise measurements, within a few percent uncertainties. This reflected to our
measurement strategy: While in the first experiments we have controlled the
thickness of the removed layer with 3 — 5 pum accuracy, now we have tightened this
control to 1-2 um. With such accuracy in measured depth, a good counting statistics,
tightened calibration and a posteriori correction procedures, the method potentially

can arrive at potential precision that is better than 10%.
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V.2.5. 3. Range of sensitivity of the method

The sensitivity of the method is evaluated by minimum detectable “*Rn
activity concentrations (MDAC). The approach followed is that of [158]. In the
alpha-tracks mode it depends on the background track density. The estimates for

MDAC at different modes of measurement are shown in Table V.2.

Table V. 2. The minimum detectable activity concentration (MDAC) is given as
a measure for the sensitivity of the method. The assumed effective electric field
for ECE is 3.3 kV/mm. Results with CDs and different “exposure scenario” are

given.

Measurement conditions MDAC

CD exposed in air for 10 y - a-tracks at depth 80 um beneath the | 3 Bg m

surface

CD exposed in air for 10 y - a-tracks at depth 200 um beneath | 21 Bgm™

the surface

CD exposed in soil-gas for 1 week - a-tracks at 80 um 1500 Bq m™

CD exposed in soil-gas for 1 week - a-tracks at 200 um 10500 Bq m™

The upper limit of detection corresponds to the signal at which
“saturation” occurs — a Situation at which, because of the very high track density
the individual tracks overlap and can not be counted. In our case it happens at
track density about 2000 cm™ with automatic track counting. With visual counting
this level is somewnhat higher, but maximum to about 4000 cm™. The upper limit
of detection can be enhanced by decreasing CF in two ways: By removing thicker
layer from the surface or by reducing the ECE efficiency, through applying lower
HV. Flexibly combining both ways, we can measure practically all **’Rn

concentrations that can be met in practice. For instance removing 500 um from a
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CD surface and applying 1600 V effective, the saturation level corresponds to 10
y exposure at ?Rn concentration of 10 MBg m™. At 80 um removal and 3300 V
effective, the saturation for the same exposure time is at 2 kBq m™. Of course,
regimes scheduled for high concentration will not provide the best sensitivity at
low and vice versa. More details are given in section V.3.2.

V.3. Theoretical modeling

V.3.1.Sorption and Desorption of Radioactive Noble Gases in

Polycarbonates

V.3.1.1. Theoretical model

Although experimental results about the desorption rate were presented in
the first report on the polycarbonate method [136], the numerous possibilities for
practical application of the method revealed the need for a detailed quantitative
description of the sorption/desorption processes. The objective of this section is to
present a theoretical study of the processes of sorption and desorption of radon in
polycarbonates. Although used in this thesis for radon only, the method is usable
also for other radioactive noble gases [142]. The theoretical model considers the
diffusion of RNGs in the polycarbonate material, taking into account the
radioactive decay [159]. Once a radon atom is caught in the polycarbonate matrix,
its further transport in it is considered to be ruled by diffusion and radioactive

decay. The equation describing the transport of one radioactive isotope is:
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%:D(Z;SWL‘;;%Z?]—M, (V.5)
where n is the radon atoms concentration, D is the diffusion coefficient of the
atoms in the polycarbonate material and A is the corresponding decay constant.
This equation is considered with initial conditions n(x,y,z,t=0) = no(x,y,z) and
boundary conditions: n(x,y,z)|, =c(t) (boundary concentration). This problem is
considered in the literature and the general solution is given by the expression

[52]:

n(x,y,2,0) = [[[ 6(xy,2.t,&m.¢ 7 = O)n, (€., $)ddnd<
- . (V6)

-D{ jaG(X’ V2L me D)y de

Seye O avé’ﬁ

where Vg, is the volume of the specimen and Sg,. is its surface in the &7,
coordinates, G(x,y,z,t, &7, 7) is the Green function for the problem (V.5) and
oG/ov s its directional derivative to the normal of S, The following processes
can be distinguished:

e Sorption of RNG with zero initial concentration in the specimen (ne=0). In

this case the first term in (V.2) is zero and the solution is:

ns(x,y,2,t)=-D § jaG(X’ y'azj'g 16000 ()ds A (V.7)
S éng

o 0

It should be noted that the boundary concentration c(t) is the RNG concentration
in the polycarbonate at the boundary of the sample. It is proportional to the
ambient concentration ca(t) (c(t)=Kca(t)) in the air or in the water in which the

polycarbonate sample is exposed. The dimensionless partition coefficient K is
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proportional to the “solubility” of the RNG in the polycarbonate under the
considered conditions.
e Desorption in atmosphere free from RNG (c,=0) after previous sorption

for time T. In this case only the first term of (V.2) plays for the solution:

ng (% y,2,0) = [[[ G0y, 2.t.€,m.¢,7 = O)ng (&,7,$)dd md¢ (V.8)

where no(& 1,8) = ns(&7,4T).
V.3.1.2. Solution for a thin plate

Consider an axis Ox that is perpendicular to the plate surface, so that x=0
and L are the coordinates of the surfaces, where L is the plate thickness. “Thin
plate” means that L is much lower than the other dimensions. Neglecting the edge

effects, Eq. (V.1) takes one-dimensional form:

2
%:D%—An. (V.9)
X

For this case the general solution takes the form:

0G(xE=0t7) 0G(x&= L’t”)jc(r)}df

n(xt) = [G(x, & t,7 = 0)ng (£)dé + DIH Py o0&

(V.10)
The Green function for this problem is [160]:
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G(x,¢,t,7) = %isin(n{ xjsin(n{ §jexp (-4,t-17)), (V.11)

nz)’ nal, )
where: 1, Z’H(Tﬂj D=/1{1+( LDJ } (V.12)

and L, :\/g is the diffusion length. Using the equations (V.6 — V.8) the

solutions that describe sorption and desorption processes can be obtained. In
sorption experiments, organized to verify the theory, two modes of exposure were
used:
e Mode A: exposure to constant concentrations. This corresponds to
constant boundary conditions c(t) = ¢ = const.
e Mode B: exposure to concentrations that decrease due to the radioactive
decay. In this case c(t) = c.exp(-At).
Desorption process is considered to happen in radon-free ambient. The

correspondent solutions for sorption ns and for desorption ng are:

For mode A:
2k +D)
n () = 223 L1 o (-, )| BB, (v.13)
L k=0 /12k+1 L
and:
2k +1)x
4Dc & . ((2k+Drx
Ny (X,'[) = Z L (1_ exp (—/12k+1T))SIn(u X] exp (_ﬂzkut) .
L k=0 /12k+l L
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(V.14)
For mode B:

2k + )7

ng(xf)= 20y L (exp(—ﬁt)—e><p(—12k+lt))sin[w xj. (V.15)
L i Apea =4 L

and:

2k +1) 7

Ny (X!t) = Abe Z L (exp (_AT) —eXp (_12k+lT))Sin(
L k=0 ﬂ“Zkﬂ -4

2k +1
% Xj exp (_ﬂzkﬂt)

(V.16)

The activity A(t):/iL n(V,t)dt, where the integration is over the volume of the
sample, for mode A and B is:

82°ScL? & 1—exp(—Ay . T)

A: At) = D
( ) L ; )“2k+1

P (—Ayial) - (V.17)

84%ScL? i exp (=AT) —exp (= Ay, T)

B: A(t) =
( ) L k=0 2“2k+1 -4

exXP (—Ayat) - (V.18)

V.3.1.3. Solution for a cylinder

The another specific case of specimens shape that was considered was that of

cylinders. Consider a finite circular cylinder of radius R and height H. The
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cylindrical coordinates r,z are used, where r = 0 coincides with the axis of the
cylinder z. The coordinates of the circular bottom and top of the cylinder are z=0

and H, respectively. In cylindrical coordinates Eq. (V.1) takes the form:

2
n_plto (ra”j oM. (V.19)
ot ror\ or) oz%
The Green function for the problem (V.19) is:

Km Km
2 & JO(Rr %o Rpj _(nz nz
G(r!pyzygltﬂr): 7Z‘R2H nzzll; le(Km) SIn(FZJSIn[ H é,jexp( /Inm(t 2-))

(V.20)
where Jo and J; are the Bessel functions of zero and first order [55], i is the m-th

zero of Jo and Anm=A(1+(xkimLo/R)*+(nzlp/H)).

Subsequently, the solutions for mode A are:

J
ns(r,z,t)=8DcY > ( 1 M+_ K ]

K
- r
( R jsin((ZK +)7 Z)l—exp(—zm,mt)
k=0 m=L K R? 2k +D)~x

‘]l(Km) H

12k+1,m

(V.21)

k=0 m=1 2 (2k+D)rx

m

. e .
0, (2, -8DC3 S ( 1 (2k+1)7r+ Rl Kn ] R Sin((2k+l);z 2)1 XD (s T)

exp(—A4 t
Jl(Km) H Xp( 2k+1,m )

/12k+1,m

(V.22)
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ng(r,z,t)= 8Dcii ( 1 (2k+1)”+R12 K J

y(r,2)=8Dcy Y ( 1 (@2k+Dr

For mode B:

’ (Km rj
AR .((m<+nn jewn—ﬁn—eﬂx—ﬂﬂumﬂ
sSin z

K J,(x) H Agiam — A

m

2k + 1)z

k=0 m=1

(V.23)

K
Jo(m r)
—AT) —exp(~Ayyy T
R Sm(ek+nan®@( ) —exp( Nﬂm)eﬂx_ﬂ%ﬂJ)

1 &,
K R* 2k+D)7z ) J,(x,) H Aosim — 4

k=0 m=1

(V.24)
Respectively, for the activity one obtains:
Mode A:
At) = 32/12cvk2§(H 2t (;Zk e jl_e)i(::*l'm X (— A1 nt)
(V.25)
Mode B:
A(t) = 324%cV kz(;mi( e +—s ('Z‘E e J s (_M/izzmxp_(j“mT) X (— A1 mt)
(V.26)
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V. 3. 1. 4. Experiments to verify the model

Series of experiments were carried out to verify the developed analytical
model of the sorption/desorption processes [159, 161-163]. The experiments were
with 3 different RNG isotopes: 22Rn, ***Xe and %K. Five kinds of polycarbonate
samples were used: plates with thickness 0.25, 0.3, 0.5 and 0.7 mm, and
cylindrical grains. The plates were made of Makrofol, while the grains were made
of Makrolon. The grains had the shape of an elliptical cylinder with height
H=2.65 mm and semi-axes a=1.78 and b=1.17 mm. For the theoretical model this
was approximated with a circular cylinder of radius R=1.49 mm and height
H=2.65 mm. The perimeter of a cyrcle with radius 1.49 mm is the same as that of
the described ellipse.

In the experiments polycarbonate samples were exposed to air or water
with high activity concentration of one of the RNG isotopes. The experiments
were performed at ambient temperature of about 25° C. The samples were
exposed to high RNG concentrations for the following reasons:

e To obtain sufficiently good counting statistics for straightforward
quantitative follow-up of sorption/desorption process.

e To be able to neglect the background RNG concentration and to consider
that desorption is in a RNG-free atmosphere.

After the exposure, all specimens were taken out from exposure vessels for
desorption and laboratory measurements. While exposure were either in air or in
water, the desorption was always in air. The experimental points were very well
fitted by the theoretical model [159]. The correspondence between theory and
experiment can be best illustrated by experiments that were dedicated and used to
obtain, experimentally, the diffusion length and the partition coefficient.

The above theoretical model can be used to calculate the RNG activity in

the exposed polycarbonate specimen:
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A(t) =/1m. n(x,y, z,t)dxdydz, (V.27)

where the integration is over the volume of the polycarbonate. The basic concept
of data processing is in the relation between the activity A(t) at a moment t (after

the end of exposure) and the activity concentration C, in the ambient media:
A(t) = KC,VF (t,T), (V.28)

where V is the volume of the specimen, T is the exposure time and the “timing
function” F(t,T) can be obtained from the mathematical algorithm described
above. By definition, the partition coefficient K is the equilibrium ratio between
radon concentration in the thin surface layer of the plastic and in the ambient
medium. The explicit form of F(t,T) for some particular cases, covered by
dedicated experiments are:

e For plate geometry and constant concentrations:

8ALE & 1—exp(—Ay . T
F(t,T)= LZD >, X'Z( 2kl )exp(—/12k+1t) (V. 29)
k=0 2k+1

e For cylindrical geometry and constant concentrations:

© o L2 L2 1_ exp (—ﬂ, T)
F(t,T)=321 b 4 D 2k+1,m e _1 t
1) kz_;'mz_;( H?x2  2R*(2k +1)° ] Ayeam XD (~Aziamt)

(V.30)
On the basis of this theoretical model we proposed a simple method for

simultaneous quantitative determination of both K and D-values of radon in

materials [163]. The method is based on exposing the specimens to controlled
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222Rn concentration and after that measuring radon activity in the specimens in a

series of time intervals. The necessary experimental set-up includes:

e A chamber/container where the specimen can be left in contact with radon-
containing media for a controlled time;

e Reference radon monitor;

e Counting equipment for measurement of the activity absorbed in the exposed

specimens.

The scheme of the experimental set-up, based on activity measurement by gamma

spectrometry, is illustrated in Fig. V. 11.

Reference **Rn P RN
- / -
monitor y L J
v b/ o
¢
2R /
s Radon box /
/
© /
u .
) spemmensA / Gamma-
c spectrometer
e ¢

Figure V. 11. A schematic diagram of the laboratory equipment used in

the experiments.

The basic idea of the method is to use a sequence of counting
measurements of the specimen to determine the diffusion length and the
solubility. The first approach, applied in Ref. [159] was to determine the
diffusion length was to measure the specimen sufficiently long time after the

exposure, when only the exponential term containing A; remains significant (as A1
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< A3 < ... < Axs1 ). Then the experimental results are presented in semi-
logarithmic scale and linearly fitted. The slope of the linear fit gives the constant
A1, which is enough to determine Lp and respectively D. In this way, Lp and D
could be determined without quantitative information for the reference #Rn
concentration. Once the value of Lp is known, the function F(T,t) can be
parameterized. After that, using the reference ambient **’Rn concentration and
counting data from the activity measurements of the specimen, and using Eq.(V.
28) the value of K can be determined [142]:

‘ N , (V.31)

t
C,V j F(T,t)dt
4

where N is the net-number of counts registered in the time interval (t, t;) and ¢is

the counting efficiency of the detector.

Our experience with processing data from many experiments showed that,
in the above method for determination of Lp, the time required to wait before the
measurements could in some cases be so long that the residual activity in the
plastic is not enough for good counting statistics (such is the case when Lp<<L).
Therefore, the methodology was further improved using non-linear fitting with
two or more exponential terms [163]. The fitting function is obtained from
Eq.(V.28) and Eq.(V.29), as the constants A1 are expressed by Eq.(V.12) and
the summing is limited to a reasonable number of terms m. The obtained fitting
functions A(t) depends only on the two parameters K and Lp (for given exposure
conditions). This approach is allows the values of K and Lp to be determined
simultaneously (if all exposure conditions are known) by multi-exponential fitting
of the experimental data with the proper A(t) function. It must be noted that this
approach also allows the value of Lp to be determined without knowing the
ambient concentration Ca. The non-linear curve fitting is performed with

TableCurve 2D v5.0 software using its user-defined function option. Furthermore,
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this software also calculates the uncertainty of K and Lp values. The uncertainties
in D were calculated using the standard algorithms for propagation of
uncertainties [42]. A major advantage of this approach is that it could be applied
to experimental data obtained shortly after the end of exposure. We studied the
performance of the algorithm for determination of the diffusion length of a
material for which Lp was already known. The non-linear fitting was performed
on data from measurements after the 5™ hour of desorption and the sum was
restricted to the 5" term. The obtained value coincided with the known value

within less than 1%.

All experiments were carried-out using the experimental set-up
schematically shown in Fig. V. 11. Here, we present results obtained for 4 plastic
materials. The first three, called A, B and C were the specimens supplied in the
course of an international intercomparison on diffusion coefficient determination,
organized in 2009 [164]. The fourth material was bisphenol-A polycarbonate
(Makrofol foil of thickness 250 um). The controlled ?Rn concentration was
supplied by a certified Ra source with activity 104.5x10° Bq + 1.5% (referred
to 01.05.2006), emanation power 0.998 and “*Rn output 0.2188 Bq/s. The
reference monitor used was AlphaGUARD radonometer (AlphaGUARD PQ 2000
PRO, Genitron GmbH, Germany). After exposure, the activity in the specimens
was measured by HPGe gamma spectrometer (relative efficiency of 24.9% and
resolution (FWHM) of 1.9 keV for the 1332 keV gamma-line of ®Co). Examples
of experimental desorption curves are shown in Figs. V. 12 and V. 13. Such
dependences have been experimentally obtained and analyzed for all studied
specimens. Using this experimental data, the values of K and D were determined
as described above. We have also calculated the permeability of each plastic
membrane.

The results are shown in Table V.3. Compared to results from studies of
other plastics [165, 166], the diffusion coefficient of radon in the materials A, B,

C has similar values. The results for bisphenol-A are substantially different,
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which again demonstrates the unique properties of this polymer as radon absorber.
Notably, the permeability constant determined for polycarbonate in another study
[167] is also lower than that of the other studied plastics (except mylar), but the
authors have not specified the type of polycarbonate. Our method is the first
method based on measuring desorption to evaluate the “effective diffusion
coefficient” (that is the product KD) in plastics. Most of the widely used methods
are based on radon penetration through membranes [168, 169]. In this respect it is
worth to mention, that the organizers of the international intercomparison in their
report [170] quote that “the great success of the comparison measurements was

the agreement of Czech results and results measured by Bulgarian laboratory”.

Modelled CA in the material
e Ambient CA

3
C, (Ba/em’)

exposure
——>

L 1 1 R 1 N 1 . 1 N I
0 30 60 90 120 150 180 210
Time (h)

Figure V. 12. Desorption from the specimen A. The thin line is the theoretical
dependence (inclusive of sorption). The thick line is the ambient **Rn activity

concentration during exposure. The decrease is due to the radioactive decay.
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Modelled CA in the material

= Ambient CA

3
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Time (h)

Figure V. 13. Desorption from the polycarbonate (Makrofol) 250 pum thick
specimen. The thin line is the theoretical dependence (inlusive of sorption). The
thick line is the ambient “Rn activity concentration during exposure. The
decrease is due to the radioactive decay. The partition coefficient of radon in this

material is substantially greater than in material A, which is illustrated in Fig. V.

12.
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Table V. 3. Results obtained for the diffusion length, the diffusion coefficient,
the partition coefficient and the “effective coefficient of diffusion” (p=KD) of

radon in the studied plastics [163].

Material Lp [pm] D [m?s™] K p=KD
A 721+ 9.0 (1.09+£0.02) 2.21+0.13 (2.40 £ 0.15)
x10™" x10™"
B 1463 + 33 (4.48+0.10) 2.17+0.14 (9.72 £ 0.66)
x10" x10"
C 1437 + 94 (4.32+0.28) 2.40+0.22 (1.04 £0.12)
x10™" x10™!
50.8+ 1.0 (5.40+0.12) 276+ 1.6 (1.49 £ 0.09)
Bisphenol-A x107" x107"

V.3.2. Modeling detection based on absorption in polycarbonates

and track-etch counting

In this section we describe a theoretical model suitable for
electrochemically etched (ECE) Makrofol or equivalent detectors [171]. It is
based on volume distribution of absorbed in the polycarbonate material ??Rn and
its progeny, and the response function of Makrofol alpha-track detector. The
“response function” is the detection efficiency as a function of energy and angle
of incidence of the alpha-particle. The numerical modeling consists of two steps:

> Modeling the volume distribution of absorbed #*’Rn and its progeny;

» Using results from the previous step, the track density in relation to the

integrated %?Rn concentration is modeled, taking into account the

characteristics of the particular ECE process. As a result the

166



“calibration factor” (CF) is theoretically obtained (CF = net track
density/integrated 2*?Rn activity concentration).
The model has been applied for ECE regimes used in previous experiments.
Comparison with experimental results shows very good agreement thus

demonstrating the usefulness of the model.
V.3.2.1. Absorption process

After ’Rn atoms enter from air in the polycarbonate matrix, they further diffuse
into the material. In practical applications to now we are interested in plate
specimens (foils of Makrofol, pieces of CDs and DVDs) which thickness is much
less than their diameter (if round) or other characteristic surface dimension. In
such case the process can be described mathematically as one-dimensional

diffusion problem:

%_Dﬁzcl_

ot ox?

A,Cy, (V.32)

where c; is the ?’Rn atom concentration in the polycarbonate, x is the axial
coordinate, A, is the ??Rn decay constant and D is the diffusion coefficient of
222Rn atoms in the polycarbonate material. The equilibrium volume distribution is

obtained by solving the stationary diffusion problem:

d’c,

D
dx?

~ ¢, =0, (V.33)

The equation (V.33) is considered with boundary conditions valid if ?2Rn enters
from the both sides of the plastic: ¢;1(0) = c;(L) = Kc, where L is the thickness of

the plastic, ¢ is the 22Rn concentration in air and K is the partition coefficient of
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222Rn from air into the polycarbonate material. The solution of this problem is

obtained by standard algorithms:
X X

c,(x)= Kc{Aexp (— —j + Bexp [—H : (V.34)
I-D I‘D

where L, = % is the diffusion length of *’Rn in the polycarbonate material,

and:

ep(Ly )-1
A — /‘D ,
ool & )-ool-
I—D I-D
L
o L)
B= Lo
ool & )-ol-
I-D I‘D

The graphic of such equilibrium distribution of *’Rn is shown in Fig. V.14.

(V.34%)
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Figure V.14. The equilibrium concentration profile of ??Rn absorbed in 300 um-
thick Makrofol foil.

For CDs the eqn. (3) can be simplified. The CD thickness is about 1.1 mm
while experimentally obtained values for Lp for a realistic indoor temperature
range (5 — 38° C) is 40 — 100 um (0.04 — 0.1 mm) [139, 159]. As can be shown in
this case, for depths x < 300 um, the deviations of A from one and of B from zero
are negligible. Therefore:

c,(x) = Kcexp (— LLJ : (V.35)

D

in accordance with experimental findings for exponential depth distribution in
CDs [139]. We should note that (V.35) can be applied only for thick specimens,
e.g. CDs and DVDs. In some experiments thinner (300 um) Makrofol foils have
been used. Despite that in this case again A >> B, the exact egn. (V.34) was used

in modeling.
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V.3.2.2. Modeling of detection properties

Detection properties are described by the “response function” of the
detector under the particular ECE conditions. This function for Makrofol was
studied by Vancraeynest et al. [149], using 300um thick detectors. The ECE is
made with solution that consists of a mixture of ethanol and 6N KOH solution
with a volume ratio 1:4. The process is done at 25.0° C. After 30 min pre-etching
an alternating HV (800 V effective, 2 kHz) is applied for 3 h. In our experiments
the etching solution and ECE timing were the same but there was some difference
in the applied electric field. Therefore, present model uses the response function
obtained by Vancraeynest et al. [149] but modified, as further described, for
variations in the electric field applied for ECE.

Alpha tracks related to ?’Rn are formed by 3 alpha-emitting isotopes:
222Rn, *®po and *MPo (always in equilibrium with 2“Bi). Consider the track
density at depth “X” beneath the front surface of the detector. The geometry of
alpha-particles irradiation is shown in Fig. V. 15. The tracks in spot with area AS
can be etched if alpha-particles coming from the front or the back-side of the spot
hit the surface under angle to the normal @ < &. Because “*Rn progeny atoms
rest immobilized in the polycarbonate matrix, their volume distribution is the
same as that of ?Rn. Consider small volume dV situated so that emitted there
alpha-particles can reach the detection spot (Fig. V. 15). The number of alpha-
particles from the i-th isotope (i=1,2,3 refer to %?Rn, #®Po, #*Po) that hit the spot

with area AS per unit time is:
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Figure V. 15. Geometry of the irradiation by a-particles of a detection spot AS at
depth x beneath the front surface. The critical angle &; is the maximum incident

angle at which etched tracks can be revealed.
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However, after etching alpha-tracks appear only if the incident energy of the
alpha-particle and the angle @ are within the range where tracks can be revealed.

The response function &(E, 6) is:

O(E. ) = 1-if alphz? - tracks appearfor these E, 8 V.37)
0 - otherwise

We will assume x > max{R1,R2,R3}, where R; is the range of the alpha-particles
from the corresponding radionuclide in the polycarbonate material. This means
that alpha-particles coming only from the inside of the polycarbonate material can
reach the detection spot. Therefore, the partial track density-rate due to alpha-
particles from i-indexed isotope atoms in dV (dV is at depth z) is:
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dn, = 2229 4 o(E, )dv = ke, Cosg{Aex;{—ij+ Bexp(iﬂ(a(E,H)dV, (V.38)
Anr? N 4ar? Lo L,

where a;=Aic; is the activity concentration of the i-th isotope (under the considered
equilibrium a; = a, = a3). Integrating over the volume and by exposure time one

obtains:

T exp

cos @ cos @ Z
= O(E,0)dvdt = KI A —-—— |+B dv,
J‘\'/.-47z'r2 OAE.8) od Anr® [ exp( L J+ exp( Dﬂ

0 {r.6} D

(V.39)

T exp
where: 1, = chdt is the integrated ambient ’Rn activity concentration and {r, &}
0

is the volume from which alpha-particles hit the spot so that tracks are revealed.

To take the volume integral note that (Fig. V. 15): z = x - rcosé. Therefore:

n, = KiI ﬂ ﬂ +Bexp x-reosd COSGan sin@drdg =
L Anr?
D D

KI J]{ ( ﬂ]+8em[%mseﬂcosesinwrd6
D

D
(V.40)
After transforming and accounting for alphas coming from the back-side of the

spot:

1 X X . P2(0) 1 rooso _rcosd
n; =§K|° (Aexp(—L—)+Bexp(—)jJ. j [e L +@ L jcos@sinédrde :
D

LD 0 p1(0)

(V.41)
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Where p1(6) and p,(6) correspond to the distance, from which the alphas arrive

with highest and lowest detection energy for the respective angle €. These

distances are:

0) =R —R(E, (9)),
p.(0) [ (Ey () , (V.42)
p,(0) =R, —R(E_(9))
where R(E) is the range of alpha-particle with energy E in the polycarbonate
material [90]. EL(6) and Ey(6) are respectively the lowest and highest detection

energy for alphas incident at angle 6. Taking the integral over r one can obtain:

R,—R(EL)eir(lz_osgdr_ L, eR,Eose(eR(LEu)cow_eR(LEL)COSQJ
Ri—R(Es) cosé
: (V.43)
Ri—R(EL)ercLosodr_ LD eR,Eose(e R(LEL)COw_e R(LEU)C(MJ
R R(E) cosd
Therefore, after substitution in (V.41):
_1 X X
n. =—KI L.| Aexp| —— |+ Bexp| — [|J., (V.44)
i 2 0D L L I
D D
where

90 . .
Ri coso —@cose —R(EU)COSH _Ri ose @cosﬁ R(E'—)cosﬁ .
‘]i :J‘ eLD e Lp —e Lp +e Lp e Lp —e Lo sinc&dé
0

(V.45)
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Summing by all 3 alpha-sources within the detector volume one obtains:

Aexp{— LLJ +B exp(l_i}
D D
where J = J;+J,+J3. As n = CF xly, the expression for CF is:

Aexp ( LLJ + Bexp (Li}
D D

The parameter J (e.g. Ji, J2, J3) was numerically calculated using (V.45) and the

1

n=2Kiolo J, (V.46)

1

CF = KL, J. (V.47)

response function, obtained by Vancraeynest et al. [149]. The CF given by
(\V.47), refer to effective ECE voltage 800V, applied to Makrofol detectors of
thickness 300 um. This corresponds to effective electric field of 2.67 kV mm™
which is further considered as a reference.

As experiments with this method were made with various electric fields —
with strength up to 3.64 kV mm™, the model has to take into account the different
ECE efficiency at different electric fields. This dependence was studied by De

Vos [172] and will be present in the following form:

2
e(U,h) = 5.7638(8) - 9.9644(5} +3.921, (V.48)

where h (um) is the thickness of the detector loaded for ECE and U(V) is the
effective applied voltage. The efficiency (V.48) is normalized so that for the
reference field 800 V, 300 gm)=1. In the proposed model the applied HV
frequency is not taken into account, assuming that its influence is weak in the

range of frequencies (2 — 6 kHz) used in our experiments [171]. Therefore, the
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expression for CF modified for different U and h, that is for different electric

fields, is:

CF = % KLD(Ae_LXD ; BeLXD]Jg(U ). (V.49)

For the case of thick samples (CDs and DVDs) the egn. (V.49) simplifies:

CF = % KL, exp (—Li)Jg(u hy, (V.50)
D

respectively, the uncertainty is:

U(CF) _ [u*(K)  u(Lo)(,, X ), u*(0 (V.51)
CF K? L2 L) L |

where s is the uncertainty in the corresponding quantities. The contribution of
uncertainties in &U,h) and in the response function is not considered.
Note that the units of CF in (V.49-V.50) are units of length (e.g. um if Lp

is expressed in pum). To obtain it in more commonly used units, e.g. cm?/kBq h

m3, the following numerical relation (equivalent to (11.4)) can be used:

CF[cm™?/kBghm?]= CFLum] : (V.52)
2778
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V.3.2.3. Parameterization of the model

To calculate the CF according to eqn. (V.49) the input data for the
partition coefficient and the diffusion length of ??’Rn in the polycarbonate
material is needed. As both the partition coefficient and the diffusion length
depend on the temperature data for different controlled temperatures was used.
The results from our previous laboratory experiments [139,140] were used as data
source. In that work CFs and depth distribution of track density were
experimentally studied in experiments conducted at 4 well controlled
temperatures (5° C, 19.5°C, 23.5°C and 38° C). The observed depth distribution
was exponential. Presented in log-linear scale the exponent is straight line and by
its slope the diffusion length can be directly determined. Using Lp and (V.45) the
parameter J for the corresponding temperature was numerically calculated. At the
next step the partition coefficient was determined using the experimentally
obtained CF and (V.50):

_ 2CF(x) X
" L,3eU,h) exp(LDJ’ V:e39)

respectively its uncertainty is:

u(k) _ uz(CF)+u2(LD) 1er_z +u2(x) (V.54)
K CF? L2 L2 L2 '

The results, obtained for Lp, J and K are presented in Table V.4. The CFs at two
depths (80 um and 120 um) were used to calculate K and the correspondent
values are practically identical. The results are plotted in Fig. V.16a-c and
the fitting curves (polynomials) were provisionally used for simulating the

temperature dependence in the temperature range 5 — 38° C. This way, using eqn.
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Sckbiiy

(18) a CF can be modeled for any temperature within the specified range, and for
different U and h. To compare with experimental values the results from

independent, not used for parameterization, experiments were used.
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Figure V. 16. Experimentally obtained values for the partition coefficient
(solubility) (a), Lp (b) and J (c). The fitting curves represent the provisional

temperature dependences used in the model.
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Table V.4. Numerical values used for model parametrization. One standard

deviation is given as an uncertainty.

Temperature Lp (um) J K, according to | K, according to
°’c CFat80pm | CFat120pm
5 42.2+1.6 0.3229 21.514.3 22.1+4.8
195 51.7+0.8 0.2338 26.412.5 26.512.4
235 58.0£0.5 0.1979 25.7t1.5 26.0£1.5
38 97.2+2.5 0.1034 17.8+1.2 17.8+1.3

V.3.2.4. Comparison with experimental CFs

Up to now in experimental studies with the polycarbonate method 300 um
Makrofol foils and CDs were used. In the initial experiments made in 1999-2004
a HV generator with fixed parameters was used for ECE (800 V effective, 2 kHz).
These parameters are identical to these used by Vancraeynest et al. [149].
However, the field is not identical as in our methodology 80 um or more are first
removed from the surface. Therefore the thickness of foils loaded for ECE was
max. 220 um. The same was valid for CDs as their thickness was first reduced
mechanically to 300 um and after they were treated for surface layer removal and
ECE under the standard way. After 2005, a generator of regulated up to 4 kV
effective HV and frequency of 6 kHz was used, to avoid the time and labor
consuming mechanical reduction of CDs thickness [139]. The CDs of thickness
about 1 mm (this is the residual thickness after removal of 80 um from the
surface) were etched at 3.3 kV effective. The different from the reference field
conditions were taken into account through &U,h) function. The influence of the
changed frequency on the etching process can be ignored [173].

The results are presented in Table V.5. As seen, there is very good

correspondence between theoretical and experimental values. These experimental
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values are from independent experiments, not used for the parametrization of the

theoretical model. This fact is convincing for the usefulness of the proposed

model.

Table V.5. Comparison between experimentally obtained and theoretically

calculated CFs for different experimental series. One standard deviation is given

as an uncertainty.

Polycarbonate Depth for CF- CF-model (cm’
specimens ECE (um) experimental ’/kBgq h m?)
(cm?/kBgh m’
°)
Makrofol, 300 um thick 83+3 0.018 + 0.001 0.019 + 0.002
foil
Makrofol, 300 um thick 117 +£3 0.013 £0.001 0.0142 +
foil 0.0016
CD 83+3 0.0172 £ 0.0012 0.0182 +
0.0021
CD 117+ 3 0.0112 + 0.0016 0.0111 +
0.0013

The set of input values for our model is relatively limited. Further studies

are going to focus more closely to solubility and diffusion length of **’Rn in

polycarbonates and parameterization of the model can be, eventually, refined.
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V.3.2.5. Using the model for optimization of the measurement design

Such optimization can be illustrated on the example of measuring design for high
222Rn concentrations. In the last years pilot measurements of #?Rn in soil gas and
water by the polycarbonate method were organized [146]. Some were made in
radon spas or in areas radioactively contaminated by former uranium industry. In
number of cases the radon concentrations were high and a problem with saturation
of track-density have arisen. With automatic counting by computer scanner [151]
the saturation occurs at track density about 2000 cm™, albeit visual counting is
still possible up to about 4000 cm™. Expanding the upper limit of the measurable
range is possible by removing thicker layer from the disk surface and etching
tracks at greater depth. Because of the fast decrease of the track density with
depth, levels corresponding to saturation at say 80 wm can be easily measured at
greater depth. This is illustrated on Fig. V. 17. However, the bias due to the
unknown temperature during exposure is stronger at greater depths [139]. This
bias was modeled and the results can be seen in Fig. V. 18, where the maximum
relative bias in CF due to the unknown temperature within 10 — 30° C range is
shown, taking the value at 20° C as a reference. As seen at greater depths this bias
increases significantly. Still the temperature bias can be corrected a posteriori as
discussed in previous sections but this needs etching and counting tracks at
different depths. Alternatively, the range of measurable concentrations might be
expanded upward by etching at one and the same depth (e.g. 80 um) but by
decreasing HV (e.g. by decreasing ¢). This strategy was also modeled and the
results are shown in Fig. V.19. In this case the temperature bias remains

unchanged, while the “upper measurable level” raises.
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Figure V. 17. ?*’Rn concentrations that lead to track-density saturation for 10-y

exposure time as dependent on the depth at which ECE is made.
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Figure V. 18. Relative temperature bias (for + 10° C variation around 20°

C temperature at different depths for ECE.
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Figure V. 19. ?’Rn concentrations that lead to track-density saturation at

depth 80 um for a 10-y exposure time as a function of the effective ECE voltage.

Up to now our studies on polycarbonate method were focused mostly on
home stored CDs/DVDs as they seem the most suitable choice for retrospective
detectors (see next Chapter). However, a wide variety of polycarbonates are used
nowadays. Printer parts, casings of irons, lighting covers, helmet, protective
glasses, road reflectors — all are made of such materials [172] and this list is not
exhaustive. We can foresee that strategies — e.g. for mapping outdoor **’Rn
concentrations, monitoring in working places etc. can be based on application of
different polycarbonate specimens. Present model can be usable for Makrofol
equivalent materials. Its application is foreseen on the design step, when the
necessary sensitivity should be evaluated and the measurement design optimized.
The good correspondence to experiments encouraged us to expand the model to
other construction of absorption-based radon dosemeters — e. g. in which the

absorption foil serves as radiator for an external alpha-track detector.
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In summary, we conclude that this model can be usable in practical

applications of the polycarbonate method for *Rn measurements.
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VI. RETROSPECTIVE RADON MEASUREMENTS BY
CDs/DVDs

V1.1. The need of retrospective radon measurements

Current risk estimates are based on epidemiological studies of two
groups:
e Underground miners;
e The general public.

In most studies on miners “radon history” is usually documented by long
term radiation monitoring [175, 109, 110]. The group of miners consists almost
entirely of males whose exposure has started at age > 18 y. Until recently
epidemiological studies on miners were the only source for quantitative
(extrapolated) risk estimates of the general population. In the 90s many case-
control studies among the public were initiated in an attempt to obtain more direct
risk estimates [176, 177]. In these studies males and females, whose exposure had
started at different ages, were included. However, radon measurements in the
studied houses gave results only about current concentrations and the history of
radon exposure of the inhabitants was generally unknown.

As already it was mentioned, nowadays radon exposure is recognized as
the second cause of lung cancer, after smoking, and the first cause for people who
have never smoked [1]. There are studies which suggest a possible correlation
between leukemia and radon exposure [178,179]. Most of the exposure related to
radon is incurred indoors. Radon and radon progeny concentrations vary largely
(up to orders of magnitude) with time. This makes instantaneous, grab sampling
measurements crude and unrepresentative [1]. The preferred method for radon

measurements is that of integrated measurements by passive detectors. The
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typical duration of such measurements is from several months to one year. In this
way most of the time variations are smoothed. However, year-to-year variations
and changes after major building reconstructions still contribute to the bias in
exposure estimates [180-183]. The two most important goals for %?Rn
measurements indoors are:
e ldentifying dwellings with elevated radon concentrations and delineating
of risk areas;
e Risk estimation due to ?2Rn exposure. This includes more precise lung
cancer risk estimates as well as addressing the possibility that ???Rn

contributes to other malignancies.

The malignant diseases, lung cancer in particular, are multi-stage
processes that take years and even decades to develop. Current scientific
knowledge provides evidence that exposure within the interval 5 — 35 years prior
to the clinical manifestation of lung cancer can contribute to the risk [184].
Making a realistic estimate of the “past exposure” is a serious problem for the
exposure estimates in epidemiological studies [185-187]. Still, the
epidemiological studies are based on prospective radon measurements. Only in a
few small studies direct retrospective measurements by the glass implanted
method (see e.g. [188-190]) were attempted. In other 3 epidemiological studies
conducted in the last decade, a separate analysis was made, restricted only to
persons that had not changed their house for the last 30 years. In all three studies
this stratification resulted in higher risk estimates than after common analysis [1].

The problem of the risk estimation can be directly addressed only by
retrospective measurements, e.g. measurements that estimate past exposure. This
problem has attracted the attention of many researchers during the last three
decades. The gathered knowledge on risk formation leads to the following criteria
that have to be met by a method for retrospective measurements suitable for

practical use:
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e The method should cover sufficiently long time interval in the past
(years);

e The obtained mean #2Rn concentration should be with reasonably low
uncertainty and the probability for large errors should be minimal;

e The method should be suitable for large-scale measuring campaigns, e.g. it
should combine low price and easy handling of detectors;

e The range of sensitivity should cover the range of indoor ’Rn
concentrations that can be met in practice — i.e. concentrations at the level
of 40 Bq m™ should be measured with a good accuracy;

e The method should be applicable in case of changes of residence.

e ldeally, thoron should also be measured in retrospect [191].

VI. 2. Overview of the techniques for retrospective *’Rn

measurements

This section focuses on four methods for retrospective “*’Rn
measurements, known before the CD/DVD method was proposed. They are: the
method of glass-implanted ?°Pb (also referred as surface-trap method), the
volume-trap method, the method of eyeglass lenses, the method of 2°Pb
accumulated in the skeleton and the CD/DVD method. Table V.1. summarizes the
physical processes on which the methods are based, the stages of the
measurement and the factors, affecting the results of four of these methods (the
fifth method, which is based on *!°Pb in the skeleton, is excluded from table V1.1,

because it has very limited applicability, as explained further on).
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Table VI.1. Physical characteristics of the four most promising methods for retrospective measurement of °Rn

METHOD Glass- implanted Volume traps Eye-glass lenses Absorption in
pp/*1%Po CD/DVD
PHYSICAL - Plate out of RnP on a - Diffusion of “’Rnin | - Diffusion of “’Rn | - Absorption of
PROCESS glass spongy materials (e.g. | between the person’s | ?’Rn in the
DURING (e.g. picture frame glass) mattresses) face and the eye-glass | CD/DVD’s material
EXPOSURE - Recoil implantation of - Deposition of *°Pb in | lenses - alpha-tracks
219} atoms in the glass the cavities of the - alpha-tracks formed | formed in disk’s
surface material in CR39 lenses by material by the
222Rn and RnP absorbed ?*’Rn and
its progeny
MEASUREMENT | Measurements of Measurements of Measurements of Measurements of
STAGES 210pp/20p0 surface activity | 2°Ph/*°Po deposited in | ?Rn and RnP by 222Rn by:
by: the material volume: etching the CR39 - removing at least
- taking a sample of the | lenses for alpha- 80 microns of the
- alpha-tracks in SSNTD material and tracks disk’s surface to
attached and exposed on - radiochemical cancel the plate-out
the glass surface or extraction and alpha- effect and




- alpha-spectrometry of a

glass sample

spectrometry of “’Po

- etching the tracks
in the disk at a
certain depth

FACTORS
AFFECTING
RESULTS

- aerosol concentration

- ventilation

- surface-to-volume ratio
of the room

- deposition rate of the
attached and the
unattached fraction

- cleaning

- adsorption of ““Rn on
the material

- dust in the material

- recycled materials

- determination of the

sample volume

- individual face
geometry

- habits for cleaning
the glasses

- habits for wearing
the glasses

- differences in the
track-properties of

the lenses

- temperature (could
be accounted for a
posteriori)

- small differences in
the track-properties
(could be accounted

for a posteriori)
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VI. 2.1. Method of Glass-Implanted ?°Pb

In the beginning of the 20th century it was observed that glasses that had
been in contact with *’Rn remained radioactive even after their surface was
cleaned. Hahn and Meitner [192] explained the phenomena as recoil implantation
of radioactive nuclei produced from alpha-decaying nuclides. Almost 80 years
later, after the problem with ?’Rn exposure in homes was realized, it was
proposed that the implantation of long-lived radon progeny in glass surfaces could
be used for retrospective assessment of radon exposure [193, 194]. Retrospective
measurements of Rn by the proposed method are based on measurement of the
activity of #°Po in the glass surfaces of objects found in the studied buildings.
The obtained signal is not directly related to the activity concentration of radon in
the air, but rather to the activity of short-lived radon progeny plated-out on the
surface. The physical processes and features behind the method of glass-
implanted #°Pb are illustrated in Figure V1.1. The alpha-decay of ?®Po and #*Po
plated-out on a glass surface could lead (with theoretical probability of about
50%) to implantation of the nuclei of their products (**Pb and #*°Pb) in the glass
(Figure VI.1). As a result, ?°Pb is accumulated in the surface layer of the glass
(up to 100 nm depth). The lifetime of ?°Pb (which has half-life of 22.3 y) is
comparable to the characteristic latent period of the lung cancer. The
measurements of long-lived radon progeny, implanted in the thin surface layer,
are influenced by the background volume activity of the glass. Background signal
is lowest when alpha-particles are measured. After two disintegrations the nucleus
of #°Pb becomes #°Po, which emits alpha-particles (Figure V1. 1). Therefore, by

measuring #*°Po better signal to background ratio could be achieved.
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Figure VI. 1. Principles of the glass-implanted method: During the exposure, the
short-lived radon progeny present in the air is plated-out on the glass surface
(left). When the plated-out ?*®Po and #*Po decay, they emit alpha-particles. The
recoil energy is just enough to implant *®Po and ?**Po decay products in the glass
surface (middle). This leads to accumulation of #°Pb (half-life of 22.3y). The
activity of the implanted ?°Pb could be estimated by measuring the glass’ surface
alpha-activity due to ?°Po. That could be done by placing a SSNTD on the glass
surface (right).

The assessment of the past 2Rn exposure by the glass-implanted :°Pb
includes the following steps:

e Measurement of the specific activity of %°Po in the studied glass surface.

e Modeling the process of recoil implantation.

e Modeling the process of deposition of radon short-lived progeny on the
particular glass surface.

e Estimating the time integrated activity concentration of >’Rn in the air.

The most challenging step is the third, since it requires modeling of the complex

behavior of radon progeny in the air, which is influenced by many factors. As one
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of the authors of the method admits, this modeling could generate unstable results
[195]. The methodological studies on the glass-implanted method are briefly
described below.

VI. 2.1.1. Measurement of the Specific Activity of >°Po in the Studied Glass

Surface

Several nondestructive methods were developed for measurement of the
specific activity of ?°Po. One of them is alpha-spectrometry by pulse ionization
chamber (PIC) [196], in which the studied surface is used as cathode. The spectra
obtained in such measurements consist of a relatively constant background and a
distinct peak formed by the alpha-particles of ?!°Po with energy of 5.3 MeV
[196]. The narrow peak confirms that #*°Po is distributed in a thin surface layer of
the glass. The background is formed by alpha-particles emitted by the natural
radionuclides present in the glass (like 28U, ?*2Th and their progenies). The
studies show that the background emission rate of alpha-particles in different
glasses could vary substantially [197]. Therefore, background should be estimated
for each measurement.

Detectors like PICs or wide-area silicon detectors are not suitable for
measurements in numerous buildings. At present, these detectors are only used for
laboratory studies and calibration purposes [198]. The measurements in homes are
performed by solid state nuclear track detectors (SSNTD).

Several different techniques for measurement of ?°Po in glass using
SSNTDs have been applied so far. In all of them the track detectors are placed
directly on the glass surface in the studied home and are exposed for a certain
time (usually several months). One widely applied technique uses two different
track detectors — one is of the type CR-39 and the other is LR-115 [197]. For that
exposure geometry the LR-115 detector is sensitive only to the background and is

used to evaluate and subtract the background from the signal formed in the CR-39
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detector (which is sensitive to both ?°Po and background alpha-particles).
Experiments with unexposed glasses show that the standard deviation of the
“zero” signal, obtained with this technique, corresponds to “*°Po specific activity
of about 1 Bq m, which roughly corresponds to cumulative radon exposure of 1
kBq y m™ [197]. Calibration exposures of CR-39 detectors using glass sources
with referent ?!°Po activity show that the calibration factor could be determined

with uncertainty of about 10% [198].
VI. 2.1.2. Modeling the Process of Recoil Implantation

In this step the ratio between the surface activity of *°Po and the activity
of short-lived radon progeny plated-out on the glass is evaluated. Experimental
studies were conducted aiming to test whether this ratio varies for different
surfaces and whether it is influenced by factors, unrelated to radon. The
conclusions of these studies could be summarized as:

e It could be assumed that the only cause for :°Pb accumulation in glass
surfaces is “Rn in the air. The quantity of >!°Pb related to cigarette smoke
could be neglected [199]. In addition, it was shown that ?°Pb distribution
in the glass stays constant (diffusion of radon progeny in the glass is not
observed at room temperature) [200].

e Some of the implanted activity could be removed by cleaning with
common detergents [201]. This is due to corrosion of the surface of the
glass, which is more pronounced at higher humidity [201,202].

e For dusty or greasy surfaces the probability for implantation is reduced,

due to the small range of recoiled nuclei [195].
Usually, it is assumed that when surfaces are carefully chosen the last effect could

be neglected. The effect of cleaning is taken into account by introducing a
parameter in the models. Numerical studies showed that typically this parameter
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could change the final result for radon activity concentration by less than 12%
[203]. The same studies showed that the effect of modeling the implantation
probabilities is 11% [203].

VI. 2.1.3. Modeling the Process of Deposition of Radon. Short-Lived Progeny

on the Particular Glass Surface.

This step estimates the percent of short-lived radon progenies plated-out
on the glass surface per one **’Rn atom in the air. Based on the Jacobi room
model [204], several different models for the deposition of radon progeny are
developed [203, 205, 206]. All models are stationary and assume that the
distribution of radon and its progeny in the room air is homogenous. Because of
the last assumption, the models should not be used for surfaces that are partially
covered by shelves or other objects or are near heaters, air conditioners and
electronic equipment. The main parameters of the developed models are the
aerosol concentration, the ventilation rate, the surface to volume ratio of the room
and the deposition velocities of the attached and unattached fractions of short-
lived radon progeny. There are some noticeable differences in the published
models. For instance, the model in Ref. [206] neglects the deposition velocity of
the attached fraction, while in Ref. [203] it is stated that both deposition velocities
(of the attached and the unattached fraction) influence the results. In Ref. [203]
the sensitivity of the result for the activity concentration of radon on the
parameters of the used model is analyzed. All parameters have significant effect
on the estimate of %?Rn activity concentration, even when no extreme values of
the parameters are considered. Moreover, some researchers have estimated the
uncertainty of the results related to modeling the deposition of radon progeny on
the glass. For this goal, the statistical distribution of the input parameters is
described based on experimental results. Then, the frequency of obtaining

different radon activity concentrations for a fixed value of the **°Po surface
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activity is studied. For standard room conditions and average values of the input
parameters, the uncertainty related to modeling the deposition of radon progenies
is estimated at 40-60% [203, 205, 206]. However, extreme conditions in the room
or poor choice of surfaces could lead to a much higher error in the result.

A possibility to improve the results of the modeling is to restrict the
interval in which the deposition velocities of short-lived radon progeny have
varied. To achieve this, the contemporary deposition velocity is determined by
additional SSNTDs, exposed together with those used for measurement of the
2% surface activity [207]. Such measurements reduce the uncertainty related to
modeling, but could lead to errors in case when the conditions in the studied room

differ from those in the past.
VI. 2.1.4. Estimating the Integrated Activity Concentration of 22Rn in the Air

As a result of the previous steps the ratio between the number of #°Pb
nuclei implanted in the glass per unit time and the activity concentration of %?Rn
in the air is found. However, the present activity of *!°Pb (and respectively of
?%0) depends on the time that has passed since the implantation occurred.
Therefore, the present activity is influenced by the time dependence of the activity
concentration of #2Rn during the glass exposure. Since this time dependence is
unknown, it is assumed ?Rn activity concentration is constant during the
exposure. On one hand, this is a potential source of error. On the other hand, in
Ref. [195] it is pointed out that the dependence of the signal on the time since
implantation could be used to weight the result for the current risk. In Fig. VI. 2 it
is shown that the time dependence of the **°Po surface activity might be similar to
the dependence of the risk for lung cancer on the time since the exposure

occurred. This hypothesis has not been proven by epidemiological studies yet.
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Figure V1. 2. The dashed line represents the surface activity of **°Po in the glass
as a function of the time passed since the implantation of ?°Pb. The solid lines
represent the relative risk for development of lung cancer as a function of the time
passed since the exposure (solid black line according to [208], solid grey line
according to [209]).

V1. 2.1.5. Performance of the Method under Real Conditions

According to the methodological studies, the typical uncertainty of the
method of glass-implanted #*°Pb is about 50-70% for standard room conditions
and adequately chosen glass surfaces. However, real tests of the method are
conducted in real homes with different ventilation and aerosol concentrations. The

main questions that are addressed are:
e Could suitable glass surfaces be found in all homes?

e Are the results obtained with different objects from a room or with

different objects of a person reproducible?
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e And most importantly, do the results correlate well with the time
integrated radon activity concentration, to which the studied glass was

exposed?

When measurements are performed in homes the glass surfaces should be
chosen, so that their age is known and the deposition velocity of radon progeny on
them is close to average for the room. In addition, the quality of measurements of
2%pq on the surface should be guaranteed (e.g. the surfaces should be smooth and
not exposed to direct sunlight, to which the SSNTDs are sensitive). Detailed
criteria for choosing glass surfaces are given in Ref. [210, 211]. It is concluded
that in most rooms suitable surfaces could be found, but the SSNTDs should be
placed by well-trained operators. Despite the followed protocols for choice of
glass surfaces, differences between the signal from different surfaces in the same
room are found. For example, a study including 14 carefully chosen surfaces in a
room showed that the signal (per unit exposure) has standard deviation of 20%
[210]. In Ref. [212] a comparison between results obtained by two objects of the
same person, is presented. The study includes 225 couples of objects, exposed for
at least 20 years. A good correlation is found (with correlation coefficient
R=0.77), but in some cases the results obtained by the two objects differ several
times. Consequently, it is recommended that simultaneous measurements on
several surfaces are performed in each home [195, 202].

The performance of the method was tested in an intercomparison between
four laboratories, conducted in 17 homes with high radon activity concentration
[203]. All laboratories used CR-39 detectors, calibrated with the same sources.
The obtained mean relative variation in the determined #°Po surface activities
was 30% (half difference between the maximum and minimum value divided by
the mean value determined by the laboratories). The mean relative variation in the

determined radon activity concentration was 60%.
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In several studies the results obtained by the glass-implanted **°Pb method are
compared with independently obtained estimates of the radon activity
concentration. One of the studies includes 1089 measurements in homes in lowa,
USA, where elevated radon activity concentrations are found [207]. The study
was part of an epidemiological study, involving women that have lived in their
present homes for at least 20 years. The integrated activity concentrations of 2Rn
to which the glass surfaces were exposed was estimated based on contemporary
cumulative measurements of radon. This estimate correlates with the measured
surface activity of ?°Po (R=0.7) [207]. However, the results show that the same
219 activity in the glass might correspond to 2Rn concentrations different by a
factor of 10. According to [207], the correlation is significantly improved
(R=0.84) when the present deposition velocities of radon progeny are taken into
account.

In Ref. [214] results from several smaller studies are summarized. In most
of them the correlation coefficient between the retrospectively estimated activity
concentrations of ?’Rn and the independent estimates by other methods vary
between 0.6 and 0.8 [212, 214]. Better correlation is obtained in two other studies.
In the first, new glass objects are bought and are left in homes and schools for
several years. Measurements of the activity concentration of ?Rn are carried out
throughout the whole exposure period the objects are exposed. The observed
correlation coefficient in this study is R=0.9, but in some cases the activity
concentrations of radon estimated by the two approaches differ 2-3 times [215].
The other study is carried out in buildings in which prospective measurements had
been carried out systematically for the last 10 years. The correlation coefficient
between the results obtained by retrospective and prospective measurements is
R=0.92. In some of the studies worse correlation is found for smoking rooms than
for nonsmoking [190, 211, 214]. This is explained by the fact that it is harder to
model the behavior of short-lived radon progeny in smoking rooms, because the
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frequency of smoking and ventilation should be accounted for. Similar problem is
found for rooms with lots of electronic equipment [214].

It should be noted that, according to the modeling, the surface activity of
2% js expected to depend largely on the unattached fraction activity [203, 206].
This is due to the fact that the deposition velocity of the unattached fraction is
much higher than this of the attached fraction. It is speculated that by combining
the glass-implanted ?!°Pb method with a retrospective method that directly
estimates %’Rn activity concentration (like the volume-trap) better estimates of
the dose in the lungs could be achieved [216].

VI. 2.2. Volume-Trap Method

A detailed concept for the volume trap method was published in 1996
[217]. Like the glass-implanted #°Pb method it uses the long-lived radon
progeny, but in a substantially different way. The method is based on the ability
of radon to diffuse freely into spongy materials. The decay of %*?Rn inside these
materials leads to accumulation of long-lived radon progeny inside the material’s
pores. In this case, the spongy materials serve as volume traps for the long-lived
radon progeny. An advantage of this method over the glass-implanted #°Pb
method is that the trapped activity does not depend on the behavior of short-lived
radon progeny in the air, which could not penetrate inside the pores. Therefore,
the signal is directly related to #?Rn activity concentration. The method is applied
by measurement of the activity of ?!°Po in spongy material (like filling of
mattresses or furniture). For this purpose samples of the interior of the object are
taken. The surface of the object should be avoided, because the signal could be
influenced by short-lived radon progeny from the air.

Usually ?°Po is extracted chemically and the extraction efficiency is
determined by a tracer isotope (*°®Po) [218]. Then, the activity of *:°Po (as well as

that of the tracer) is determined by alpha-spectrometry. Details of the
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radiochemical procedure are given in Ref. [218]. The most convenient material
for the volume-trap method proved to be the filling of mattresses or furniture,
which is polyester sponge, wool, cotton, etc. The following problems could lead

to errors in the estimated “*’Rn activity concentration:

e Estimate of the volume of the sample during exposure.

o Differences in the ability of the materials to adsorb radon, which leads to
differences in the ratio between signal and activity concentration of *’Rn
in the air.

e Objects that are very dusty and do not have clean interior.

e Itis practically impossible to find out whether the material was recycled
and reused.

e The method is destructive. The price of the objects may be high and their

owners might not agree to provide them.

The lower detection limit of the method is not explicitly stated, but in Ref.
[218] integrated activity concentrations of 1.2 kBq 'y m™ are considered low and it
is stated that in this case alpha-spectrometry measurements continue for several
days. The declared uncertainty of the method is 30% [219]. Good agreement
between results of the volume-trap method and independently estimated activity
concentrations of >*?Rn is observed [219, 220]. The method has not been used for

large measuring campaigns yet.

VI. 2.3. Eyeglass Lenses Method

The concept of the eyeglass lenses method was outlined by Fleischer
[221]. One of the most widely used contemporary materials for lenses is CR-39
[221-223]. The alpha-particles emitted by **’Rn and its progeny form tracks in the

eyeglass lenses made from this material. It is assumed that the track density is
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proportional to the integrated radon activity concentration. However, the signal
depends on the complex behavior of the short-lived radon progeny in the air. The
authors of the method note that it is better to develop the tracks on the inward-
facing surface of the lenses (the one towards the face of the person). The tracks on
this side are formed by radon progeny that has diffused in the air gap between the
face and the glasses, which leads to more reproducible results. Moreover, the
inner side is the one that is polished when the glasses are produced, which
“resets” the signal. The experimental studies have shown that the track density on
the lenses is higher at greater distances from the nose. This makes the exposure
reconstruction complex. In addition, the habits of the owner of the glasses should
be known — how long he/she wears the glasses, how often the glasses are cleaned,
etc. Another methodological difficulty arises from the fact that the track
properties of the lenses might differ significantly (up to 5 times differences are
observed [223]). Therefore, individual calibration of each lens should be made by
additional exposure.

The major obstacles for applying this method in epidemiological studies
are that many people do not wear glasses and that the lenses of glasses are usually
changed every several years. An advantage of the method is that the glasses act
like personal dosemeters [224]. When the exposure is evaluated it is not necessary
to carry out measurements in different rooms or to make assumptions about the
exposure outside the person’s home. Results show that the method allows
measurements of “*’Rn activity concentrations in a wide range — from tens to
several thousand Bq m™. Taking into account the drawbacks of the eyeglass
lenses method, its author comments that the method should be applied as a

supplement to other retrospective methods [223].
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VI. 2.4. Method of *"’Pb Accumulated in the Skeleton

Another approach for retrospective measurements of “Rn that has been
offered includes in-vivo measurement of the activity of 2'°Pb accumulated in the
skeleton of the exposed persons. The roots of this method lie in the miners’
studies in the 60-ies of the last century [225-227]. Studies are undergoing in
which the activity of 2'°Pb in different bones is measured by low background
gamma-spectrometry (see, for example Ref. [228]). The measurements should be
carried in a shielded room, using detectors sensitive to the gamma-rays of *'°Pb
(which have relatively low energy: 46.5 keV). A major problem in this approach
is the fact that on average only 2% of the *'°Pb in the human skeleton could be
attributed to inhalation of radon progeny [229]. About 86% is swallowed and
about 12% is directly inhaled from the atmosphere [229]. Moreover, about 75%
could be added by smoking or consuming alcohol. In Ref. [229] it is said that a
measurable increase in the activity of *'°Pb in the skeleton could be found in
people exposed for a long time to high radon activity concentrations (such as 20
years exposure to 2000 Bq m™). These estimates are made on the basis of studies
of exposed miners. At this stage, the method is not applicable except for people
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exposed to very high concentrations of “““Rn. For this reason this method will not

be further discussed and commented on.
VI. 3. Compact Disk (CD/DVD) Method

The method is based on the same concept, described and discussed in Chapter V.
The key idea is to combine the high radon absorption ability of some
polycarbonates (bisphenol-A based, like Makrofol®, Makrolon®, Lexan®,
Iupilon®) with their track-etch properties [136]. These polycarbonates are the
basic constructive materials of the commercially available CDs/DVDs. On this

basis a new method for integrated radon measurements (prospective or
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retrospective) was developed. As the CD/DVD absorbs “’Rn, the alpha-tracks
inside the CD/DVD are related to the absorbed **’Rn. However, the signal (the net
track density) near the disk’s surface is influenced by the plate-out. In order to
cancel that influence, the tracks are developed (etched) at depth greater than the
range of the alpha particles of *Rn and **’Rn progeny with highest energy. For
this purpose a surface layer with the necessary thickness is removed prior to the
track etching. It was shown experimentally and theoretically that the thickness of
the removed layer should be > 76 um. After the layer is chemically removed, the
alpha tracks at that depth are etched electrochemically and counted (either
visually or automatically). The track density is almost perfectly correlated with

the integrated **

Rn exposure. This became the fundament of the proposed
CD/DVD method that employs home stored CDs or DVDs as retrospective radon
detectors [138, 139]. In the last decade substantial experimental and theoretical
work, dedicated on this method, was performed. The results of it are summarized

in the following sections.

VI. 3.1. Principles of the Methodology

Albeit the CD/DVD method was proposed in 2001 [138], a version that
can be considered “ready for use” was developed in 2005 [145]. After the exposed

disks are collected, the following basic steps are carried out in the laboratory:

e Chemical pre-etching (CPE) to reach depth > 76 pm;
e Electrochemical etching (ECE);

e (Counting (automatic) of alpha tracks.
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VI. 3.2. Preparation of Specimens

The preparation of the disks for etching starts with cutting a “specimen for
etching”. In principle, etching of the entire disk surface is possible, but for better
productivity usually about a quarter of the disk is used. If DVDs have to be
etched, after being cut they are split into two pieces (as the DVD consists of two
thinner disks stuck together) and only that with the front surface (the surface that
faces the laser of the CD/DVD reader) is etched. The thickness of the CD-pieces
before etching is usually 1100 — 1200 um and that of the DVDs after splitting is
about 550 — 600 um. Figure VI. 3 provides photos of the different stages of disk

preparation and etching.
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Figure VI. 3. Processing of the compact disks. After the exposed disks are
gathered, one quarter of each disk is cut for further analysis (a). The disk pieces
are chemically pre-etched and then electrochemically etched using the set-up
shown in (b). Then, the etched part is scanned by a computer scanner (c) and the
images are stored (d). The images are processed by dedicated software, which

determines the track density [151].
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Figure VI. 4. Dependence of the thickness of the layer removed by chemical pre-
etching on the pre-etching duration, obtained for the conditions described in the

text. The etching rate (here 1.03 um/min) could vary to some extent for different
disks [230].

VI. 3.3. Chemical Pre-Etching

CPE is the process used to remove a layer with the desired thickness from
the surface. We perform CPE at 300 C with a solution of KOH, water and
methanol in mass ratios: 1:0.937:0.702. First KOH and water are mixed, and then
methanol is added just before every pre-etching. The thickness of the removed
layer is controlled by the pre-etching duration . In Figure VI. 4. the dependence
between the removed layer and the duration of CPE is shown. According to these
results, the dependence is linear and the CPE rate in this regime is about 60 um/h.
However, the actual removed thickness can vary and is always determined
precisely by measurements with a micrometer before and after the CPE. The

accuracy of this measurement is within + 1 um. In our practice, the standard
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deviation in the thickness of the removed layer, determined by measurements at

different points on a disk, is typically 1.5 - 3 um.

VI. 3.4. Electrochemical Etching and Track-Counting

The alpha tracks in the CDs/DVDs are developed by electrochemical
etching (ECE) with a solution described in [149,150] at 3 kV/mm effective high
voltage (6 kHz frequency) at 250 C for 3 h. After the ECE, the developed tracks
are counted manually (by an operator with an optical microscope) or
automatically by means of a computer scanner and a specially developed
algorithm for counting of ECE tracks in CDs. The manual counting is tiresome
and time consuming and is not suitable for large radon measurement campaigns.
It is further impeded by the fact that the number of tracks formed in the CD per
year under typical indoor radon concentrations is relatively small. In contrast, the
automatic counting with the help of a computer scanner is fast, easy to operate
and very suitable for large measurement campaigns.

However, the automatic counting algorithm must cope with several
difficulties which are specific to the CD/DVD method. First, the ECE tracks are
large (around 0.1 mm in diameter) and have a specific dendrite structure which is
visualized as dark and light zones on the track image This makes it difficult to
automatically separate adjacent tracks without segmenting the single track.
Second, at the time of etching the compact disks have already been used for over
several years and their surface is often scratched. These scratches are developed
during the CPE and ECE processes and introduces artifacts in the final images,
which must be discarded by the counting algorithm. Thus, the application of other
automatic algorithms, developed for etching other detector types (e.g. the one
described in [33]), for counting ECE tracks in CDs/DVDs is not always reliable.
To overcome these difficulties a dedicated algorithm for counting ECE tracks in

CDs was developed. The algorithm uses specific global and local filters, object
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filters and other criteria to discard artifacts and to estimate reliably the track
density. A detailed description of the algorithm and its validation is published in
[151]. The algorithm successfully identifies the large dendrite- shaped ECE tracks
and separates clusters of tracks. It discards artifacts formed during the etching
process and scratches which are common to home stored CDs. These features
allow reliable counting in extreme cases of low (background) or high track
densities (up to 2000 cm™, at depth 80 pum this corresponds e.g to 5 y exposure at
> 2000 Bq m™) ). The performance of the algorithm is validated by comparison to
manual counting for a wide span of track densities. The range of radon
concentrations measurable with the CD/DVD method combined with automatic
counting covers practically the whole range of radon concentrations encountered
in dwellings (from a few to 100 000 Bq m™ for 5 years exposure of the disks
[151]). The automatic counting is between two and ten times faster than manual
counting (depending on track density) and allows saving of the scanned and
counted images for archive or for quality control. The automatic counting is

currently in routine use for measurements by the CD/DVD method.

VI. 3.5. Calibration

One of the most important questions in retrospective radon measurements
is whether there are individual differences between different objects used as
“radon witnesses”. One of the essential benefits of the CD-method is that every
disk can be individually calibrated a posteriori — e.g. after the exposure under real
conditions [130]. In concept, this mode of calibration employs the same
equipment needed for the standard a priori calibration of new disks. The
calibration exposure should be at constant temperature, ideally the same as the
average room temperature during the real exposure (i.e. 20 — 22° C). The scheme

222

of the used calibration equipment is shown in Fig. VL. 5. The ““"Rn source used in

our experiments is a certified emanating **°Ra source with activity 104.5 + 1.5%
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kBq. The hermetic “radon box™ is usually with volume of 50 L, but in some
situations smaller boxes (e.g. 10 L) are also used. The **’Rn concentrations during
exposure are followed by a reference monitor AlphaGUARD (Genitron GmbH,
Germany) or, since 2012, RAD 7 (Durrige Inc., USA). Two modes of exposure
can be employed: open and closed system. In open-system mode, “*’Rn
concentrations can be kept constant by providing a constant air flow-rate. In

closed-system mode, once the **

Rn activity is transferred to the radon box, the
box is kept closed during the exposure. In this mode, the concentrations during
exposure decrease due to the radioactive decay of ’Rn (provided that the box is
hermetic). Normally, the open mode is preferred, but the closed one allows to
reach much higher reference concentrations and thus the exposure time is reduced

substantially.
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Figure VI. 5. Scheme of the calibration set-up: 1. Air-drying filter; 2. ***Rn
source; 3. Flow-meter; 4. Hermetic radon box; 5. CD/DVD; 6. Radon monitor
AlphaGUARD PQ 2000 PRO; 7. Pump; 8. Computer; V — Valves. In the case of
an open system, the pump ensures constant air-flow through the system, which is
additionally controlled by the flow-meter. The activity concentration in the radon
box is continuously monitored by the radon monitor and the measurements are
stored in the computer. In close system the outlet of system is connected to its

inlet. During the exposure the radon box is isolated to prevent activity leakage.
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After exposure, the disks are left for at least two weeks in radon free
atmosphere to degas. During this time the absorbed activity decreases due to
radioactive decay and out-gasing. A theoretical model that describes this process
is presented in Chapter V, along with experimental results verifying the model.
Figure V1. 6 illustrates the decrease of **Rn activity inside an exposed disk. After
calibration exposure, the disks are etched and the calibration factor is determined.
In a priori calibration the net track density is the track density after the
background is subtracted. However, in a posteriori calibration a piece of the
analyzed disk is additionally exposed to referent radon activity concentration. In
this case the “net track density” is that due to the calibration exposure: the
difference between the track density of the piece exposed for calibration and the
track density of piece that is not additionally exposed.

The CF also depends on the temperature. The concept of a posteriori
temperature correction is described in Section V. 2. 3. 2. In our practice we
usually apply an “average” CF to obtain a preliminary estimate. We always
perform individual calibration, if the estimated concentrations are greater than

100 Bqm™.
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Figure VI. 6. Decrease of **Rn activity (desorption + radioactive decay) inside a
compact disk (with 1.1 mm thickness) after the end of exposure. The lines are
obtained by modeling [159] for different exposure durations. After about 2 weeks
the activity left in the disk is negligible. The activity in thinner disks (DVDs)

decreases faster.

VI. 3.6. Background Track Density

To study the “background” we have used 19 CDs/DVDs, randomly
purchased from different shops. The background signal was determined at depth
of 80 um. The average track density obtained was 6.3 + 2.4 cm™. Only one disk
had abnormally high track density of 48 cm™. The estimates show that the above
value for the background track density could lead to a maximum underestimation

£ 2*Rn by 13 Bq m™ for disks exposed 5 years [231,

of the activity concentration o
232]. It follows that there is no danger of omitting buildings with high radon

levels.
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VI. 3.7. Uncertainty Budget

The uncertainty budget is shown in Table VI. 2. As seen, the typical
uncertainty can be 16% when individual CF is applied. Rarely, the uncertainty can
reach 60%. In these cases the maximum contribution to the total uncertainty
comes from the uncertainty of the exposure time (“dating uncertainty””) and the
uncertainty due to the unknown temperature during exposure. As noted, the
unknown temperature could be estimated and the signal corrected a posteriori.
The dating uncertainty is a significant component in the uncertainty of the results

of all types of retrospective methods.
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Table VI. 2. Uncertainty budget of the CD/DVD method. The components of the relative uncertainty are estimated (at the level of 1 ).

The typical combined uncertainty is given for three different cases — when average calibration coefficient is used, when individual

calibration coefficient is used and when both individual calibration and temperature correction are performed

Calibration type Uncertainty type Typical, % Maximal, % Comment
Standard Statistical (track density) +
calibration 19 19
Individual Statistical (track density) +
calibration 9 17
Standard/Individual Exposure time 10 50 Maximal for disks exposed 1-2 years
Standard/Individual Temperature 15 26 No temperature correction, average
related (at 80 um) (at 120 pum) temperature
22%+4°C
Individual Temperature 8.4
related, after a posteriori (80 pm, 20° C)
temperature correction
Standard Combined 26 60
Individual Combined 20 60
Individual, with a Combined 16
posteriori temperature
correction




VI. 4. Practical Applications of the CD/DVD for **’Rn

Measurements

VI. 4. 1. Real retrospective measurements by CDs/DVDs in
dwellings

In real retrospective measurement the following questions were first
addressed:

a) Whether different CDs taken from the same place give comparable
results?

b) Will CD results match with independent estimates of retrospective

222 222

Rn concentrations based on past ““Rn measurements by conventional
methods?

To answer the first question we tried, whenever possible, to obtain more
than one CD for analysis. Up to now we have obtained more than one disk from 8
different dwellings. From two of them 4 different CDs were obtained, from the
remaining we received 2 or 3 disks. In all 8 cases the results with different disks
gave statistically identical results. Results, obtained for a building in which we
have obtained 4 different CDs are shown in Fig. VI. 7. As can be seen, different

CDs give the same retrospective ***

Rn concentration within the experimental
uncertainty. This conclusion is supported by results from other houses, from

which we have obtained several CDs for analysis.
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Figure VI. 7. Average retrospective “**Rn concentrations measured by different
CDs from the same place, a) dwelling with average **’Rn concentration, b)

dwelling with elevated **?Rn concentration.

For twelve disks it was possible to make a comparison with alternatively
determined retrospective “’Rn concentrations by past measurements with
diffusion chambers. All disks have been exposed since before the measurements

by diffusion chambers were performed. Ten of the disks are from dwellings and
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two from outdoor sites. In the studied dwellings during the interval in which the
CDs were exposed no significant repairs or substantial changes (e. g. in the
heating installation) were made. These disks have been exposed in places where
long-term measurements by diffusion chambers were made in the past. They were
done by conventionally used diffusion chambers with alpha-track detectors of
Kodak-Pathe LR-115 type II. The diffusion chambers used are traceable to a
primary “*’Rn standard, as described in Chapter II . There is a very good
correspondence between the results obtained from CDs and those estimated from
past measurements by diffusion chambers (Fig. VI. 8). More comparisons will be

made in the future, but the pilot results seem promising.
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Figure VIL.8. Correlation between measurements in places with known radon
history. Retrospective *22Rn concentrations by CDs are compared with average

**’Rn concentrations in the past, measured by diffusion chambers.
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In practical applications the first step is to obtain one or more CD/DVD
from the studied house. The general rule is to look for old disks and to try and
date them in the best possible way. It can be useful that the year of production is
marked on many commercial CDs and DVDs. However, in our opinion, the basic
approach for dating is by personal communication with the disks’ owners. Our
experience indicates that, even though dating of each CD in the household can be
problematic, in all houses there are some disks which the inhabitants can date
with an accuracy of one year or even better. The disks are further processed in the
laboratory. The DVDs, which are made of two thinner disks stuck together, are
first split and only the lower half of the DVD is analyzed. The CDs are etched at

their original thickness.

VI. 4. 2. A priori and a posteriori calibration

As it was already mentioned, the polycarbonate method allows two types
of calibration - standard (or a priori) and a posteriori calibration. The standard
calibration is done by exposure of new CDs/DVDs to reference **’Rn
concentrations, while in a posteriori mode pieces of old, already exposed in real
conditions disks are additionally exposed to reference concentrations. The
calibration exposure time is usually less than a few days. After the exposure the
disks are left to degas for at least 2 weeks to allow all radon absorbed in the
polycarbonate to degas or decay. After degassing the disks are treated by CPE and
ECE as described above. As a result of the standard calibration, the calibration

factor CF; is determined:

CF, =—", (VL1)

where I,.r1s the reference integrated activity concentration during exposure and n

is the net track density at a certain depth beneath the CD surface.
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A benefit of the method is the possibility to apply a posteriori calibration
to account for eventual differences in the properties of different CDs/DVDs used
as radon detectors. In a posteriori mode an exposed disk taken from a studied
dwelling is divided in several pieces, one of which is exposed additionally to
reference radon concentration. After that, this piece is etched together with
another, not additionally exposed, piece of the same disk. The difference between
the average track densities of the two pieces gives the individual calibration

factor (CF posteriori) 0f the studied CD:

A
CF -2

aposterior ~ I ’

ref

(VL 2)

where, An is the increment in track density due to the a posteriori exposure. In
this way an individual calibration factor of each disk can be determined after the
exposure.

The results from the standard calibration of 14 different CDs and DVDs
are shown in Fig. VI.9. For most of the disks the CF, is within 1 standard
deviation (SD) of the average CF. Only one can be considered an “outlier” with
CF 30% lower than the average. We can conclude that the studied set of new
CDs/DVDs available on the market does not vary significantly in sensitivity to
radon. From 5 brands we have calibrated both CDs and DVDs. Generally, CDs
and DVDs of the same brand give similar results (circled on Fig. VI.9), with some
indication for somewhat higher CF of DVDs. This will be better examined in the
future, with larger number of CD+DVD couples. The SD of the entire group (CDs
+ DVDs) of calibrated disks is 13%. In general, this can be considered as the best
achievable accuracy after a priori calibration. Better control on the uncertainty can
be achieved by individual a posteriori calibration.

A posteriori calibration was made for a set of 16 CDs of different brands.
Notably, the average CF obtained for this set of disks is the same as the a priori
determined CF (0.0193 + 0.0039 cm™/kBq h m™ vs 0.193 + 0.0026 cm*/kBq hm™

for a priori calibrated set). The maximum difference between individual CF and
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the average was about 40%. Such differences are a serious argument in favor of
individual a posteriori calibration.

If the standard (a priori determined) calibration factor is used, in most
cases the results will presumably be within £13% of the true radon exposure.
However, the potential of the method for precise measurements is much better. To
study it, we have modeled the uncertainties at different Rn-levels both for a priori
and a posteriori calibration. The counted number of tracks on a virtual 4 cm? field
were considered as Poisson variables and standard algorithms for error
propagation were applied [42]. The reference integrated “**Rn concentration used
for calibration was assumed to be 2x10* kBq h m™ known with 5% uncertainty.
The results are shown in Fig. VI.10. With a posteriori calibration the individual
uncertainty decreases to about 7% and then increases due to the decrease in the
relative difference between the original track density and the track density after
the calibration exposure. By selecting appropriate conditions for the a posteriori
calibration, accuracy better than 10% can be targeted for a wide range of
concentrations. Notably, the best accuracy with the studied model is observed at

about 200 Bq m™, a level at which the action limit in some countries is set.
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Figure VI. 9. Standard (a priori) CFs of 8 new CDs (®) and 6 new DVDs
(A) of different brands. The circled are one brand couples: CD (left) and DVD
(right). The brands from left to right are: Mr. Data, Sony, HP, Verbatim, Princo.
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The average CF (solid line) and the borders of the + 1 SD interval (dashed lines)

are shown.
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Figure VI. 10. Modeled relative uncertainty after standard (dashed line)

and a posteriori (solid line) calibration under assumptions described in the text.

VL. 4. 3. Pilot surveys

Most of the pilot radon measurements by CDs/DVDs were carried out in
dwellings in the city of Sofia or in areas in Bulgaria where radon concentrations
are elevated. Results from pilot retrospective radon measurements with
CDs/DVDs can be seen on Fig. VI.11. The bars numbered from 1 to 25 represent
radon activity concentrations in random dwellings in the city of Sofia. With one
exception they do not exceed 100 Bq.m™ and the average value is close to the
weighted average indoor radon concentration of about 40 Bq.m>. The bars
numbered from 43 to 49 represent measurements in buildings in the region of
Bouchovo. This region is affected by former uranium mining and for each of the
studied buildings previous measurements have shown elevated radon
concentrations. The results from retrospective measurements also indicate that
radon activity concentrations in these buildings are considerably above the
average. The bars numbered from 26 to 42 represent measurements in dwellings

in the village of Eleshnitsa. The village is situated in a valley of enhanced natural
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radioactivity and was a center of uranium mining and milling. Previous
measurements in this village have shown elevated indoor and outdoor radon
concentrations [24]. In most cases the activity concentration of radon exceeds 100

Bq.m'3 .
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Figure VI. 11. Average retrospective radon concentrations measured by
CDs exposed in dwellings. Sofia is a “normal”, while Eleshnitsa and Bouchovo

are radon prone areas. Vertical bars represent 1 SD uncertainty.

Even though the pilot results presented here are not sufficient for detailed
mapping of the regions of interest, the number of measurements can be increased
quite rapidly. At the moment up to 24 disks per day can be processed
simultaneously in our laboratory. Since CDs/DVDs are available in the majority
of households, the method has a potential for large-scale use.

In the last 3 years we have tried to organize measuring campaigns using
the CD-method. A major advantage of this approach is that it allows the entire
campaign to be organized remotely, e.g. the disks could be collected by post.
Results obtained in our studies on this approach for normal and radon-prone areas
are shown in Figure VI. 12 [230]. The radon-prone regions are well known from

previous data and this was confirmed by the pilot CD/DVD-based survey.

221



Therefore, we conclude that the method can be used for identification of radon-

prone areas and for radon mapping.
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Figure VI. 12. Results of retrospective radon measurements by CDs/DVDs

performed in normal (Varna and Sofia cities) and radon-prone (Buhovo town and

Eleshnitsa village) areas in Bulgaria.

In the course of the first measurements under real condition carried out
with the CD/DVD method some logistical points related to the organization of
large-scale surveys arose. These questions are related to the logistic of such
surveys. So far our experience in this field is in intermediate stage. To address the
above issues we organized pilot radon surveys in several regions in Bulgaria [130,

231-233]:

e Two radon-prone regions;

e The city of Sofia ;
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e The region of Varna and Dobritch cities .

Normally, the “disk age” is provided by its owner. This mode of dating is
somewhat subjective and therefore, we should be aware about the possible
bias/uncertainty in the results because of this. As a more objective manner for
dating we explored the possibility to use the record/production date of the
CDs/DVDs (excluding rewritable disks). Such information is not always available
and we succeeded to obtain it for less than a third of the analyzed disks. The
dates, according to the two dating approaches, correlate well and in most cases the
differences between them are within 10% [231]. However, in 12% of the disks
greater differences were observed [231]. As noted above, one of the aims of the
pilot surveys organized in Sofia and Varna was to study the reaction of the
participants. In Sofia there were 4 active contact persons, while in Varna the

contact person was one. The contact persons were responsible to:

e Provide a short information about radon, based on the “core messages” of
the World Health Organization [1];

e Inform the participants that their participation is voluntary and
anonymous;

e Provide a short info about the CD-method and ask for one or more

CD/DVD for which dating information is available.

The percentage of contacted persons that agreed to participate and to give
disks for analysis was 32% in Varna (if the numbers are considered as Poisson
variables, the 95% confidence interval (CI) of this percentage is 18 — 52%) and
50% in Sofia (95%CI: 37 — 65%) [231-233]. On this basis we expect that in
Bulgaria, between a third and a half of the people will react positively and will
provide at least one dated disk after a single personal contact. Also small part of

the contacted people (<20% in our surveys) steadfastly refuse to participate. Even
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from this preliminary experience some practical conclusions can be drawn. For
instance, if radon survey in 1000 homes is planned, the number of contacted
persons should be at least 2000, while probably 3000 will suffice. Further work
will focus on remote measurements and will supplement the experience in the

organization of efficient large-scale radon surveys.

VI. 4. 4. Detection of Changes in Concentrations in the Past

One additional possibility for practical application was recently explored
[231, 233]. It is important to know whether large changes in radon concentrations
occurred in the past. This is particularly important for dwellings with radon
mitigation installation, the efficiency of which should be followed. The concept is
to analyze two or more disks of different age. This makes it possible to evaluate
differentially the concentrations in different time intervals, as shown in Figure
VI1.13. In the hypothetical example shown in Fig. VI.13, two disks are analyzed: a
5-year old and a 10-year old. It is assumed that the average concentrations
determined by the two disks for the covered intervals are each estimated with
uncertainty of 15 % and the ages of the disks are know with uncertainty 10%.
Then, the average concentration for the first 5-year interval can be reconstructed
with an uncertainty of about 35%. This approach was already applied in practice
for a building with passive mitigation and the obtained estimate for the efficiency
of the mitigation system agreed well with that obtained by prospective

measurements.
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Figure VI. 13. Example of detection of changes in radon concentrations in the
past by two disks exposed for different time — 5 and 10 years. It is assumed that
remediation is carried out before CD2 is bought. The difference in the signal
accumulated in the disks allows estimation of the average activity concentration

of radon before the remediation and the resulting decrease.

VI. 5. Summary of the main methods for retrospective

measurements and advantages of the CD/DVD method

The four methods for retrospective radon measurements, considered in this
chapter, are summarized in Tables VI. 3 — VI. 5. Due to the relatively short time
interval covered by the eyeglass lenses method, its author comments that it could
be used subsidiary to another method. On the other hand, the volume trap method
could cover sufficiently long periods in the past and has relatively low

uncertainty. However, the major disadvantage of this method, which impedes its
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application in large scale surveys, is the relatively complicated methodology and
the fact that it is destructive. Up-to-now, two methods were used for radon
surveys: the glass-implanted method and the CD/DVD method. If we consider the
criteria formulated in the introduction of this chapter, the only method that meets
all of them is the CD/DVD method. It is reliable, with simple methodology and
covers the whole range of indoor **’Rn concentrations observed in practice. It also
offers the possibility for parallel retrospective measurements of both “Rn and
22Rn by a single CD or DVD, that will be considered in the next chapter.
Moreover, based on the methods’ performance under real conditions, we conclude
that the CD/DVD method demonstrates clear advantages in terms of both large
scale applicability and accuracy. In 2010 this method was tested and certified by
the accredited radon calibration laboratory of Bundesamt fiir Strahlenschutz,

Germany (Certificate DKD-K-23001, Nr. 523/2010).
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Table VL. 3. Methods for retrospective measurement of Rn: Object used for the

measurements. The comparison points are selected, because they are either important for

identifying dwellings/public buildings with radon problem or for improving risk

estimation

METHOD Glass- implanted | Volume traps Eye-glass Absorption in
210pp,/21%pq lenses CD/DVD

OBIJECT:
a) type a) glass surfaces a) fillings of a) eyeglass a) CDs/DVDs
b) maximum age b) very long matresses/ lenses b) widely used
¢) available record of ¢) possible for furniture b)upto5 for over 20
age picture frames b) up to 20-30 | years years
d) availability d) - yes, in most years c) yes, exact ) sometimes —
- in homes rooms ¢) no record by production
- in public buildings - yes d) - yes, in d) objects are | date or dates of
¢) moved when the €) some objects — | some rooms personal files
owners are moving picture frames - sometimes d) — yes, in one
f) destroyed in the f) no ) sometimes e) N/A room
analysis f) yes, relatively | f) yes, but old | -yes, in offices,

high price of

objects

lenses could

be used

schools,
kindergardens
e) yes

f) yes, but disks

are cheap




Table VI. 4. Methods for retrospective measurement of ’Rn: Characteristics of the

methodology. The comparison points are selected

METHOD Glass- implanted Volume traps Eye-glass Absorption in
*1%Pb/*1%Po lenses CD/DVD

METHODOLOGY | a) plated-out radon a) ““Rn in the
a) signal related to progeny a) “*Rn in the a) radon air
b) additional info b) for the object air progeny in b) just for
needed age, habits of b) just for the air object’s age
¢) individual occupants for object’s age between the | ¢) recommended,
calibration of objects | ventillation ¢) possible but face and the | takes 2 weeks
d) typical smoking, heating, would take >1 y | glasses d) 20% or 16%
uncertainty etc. d) about 30% b) for the with temperature
€) maximum error ¢) not possible e) could be high | object age, correction
f) range of CA for d) 50-70% if objects are assumption | e) 60% for 1-2
10y e) by a factor of 10 | recycled for F, habits | year-old disks
g) additional info f)>100 Bqm™ f)>100 Bqm™ of the glass f)>7Bqm™
for: g) in theory: g) - not studied | wearer g) - significant
- changes in CA with | signal is weighted | no c) yes, a changes in Cp
time for risk h) not studied posteriori could be
- radon progeny signal is corellated calibration detected using 2
h) measurements of | with fp d) not or more disks
*2%Rn (thoron) h) not studied estimated with different

e) not age

estimated no

f) N/A h) yes, research

g) not 1s ongoing

studied

h) not

studied
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Table VI. 5. Methods for retrospective measurement of Rn: Applicability for large

scale campaigns. The comparison points are selected

METHOD Glass- implanted | Volume traps Eye-glass Absorption in
21%b/*1%Po lenses CD/DVD
APPLICABILITY FOR | a) 2 visits needed | a) 1 visit a) remote a) remote
LARGE SCALE b) low needed measurement | measurement
CAMPAINGS ¢) for etching and | b) relatively b) low b) low
a) visits needed counting tracks high ¢) for etching | c) for etching
b) price of analysis d) several c) and counting | and counting
) necessary equipment | months, radiochemical | tracks and tracks and
d) duration of analysis simultaneously in | laboratory, calibration calibration
many homes alpha- exposures exposures
spectrometry d) a few days, | d) 2 weeks,
d) a few days simultaneously | simultaneously
per
measurement
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VII. OTHER APPLICATIONS OF THE POLYCARBONATE
METHOD

VIL. 1. Measurements of *’Rn in water by absorption in polycarbonates

The approach based on the ability of some polycarbonates to absorb radon can be

o 222
expanded for quantitative measurements of

Rn in water and in soil gas. In this case the
measurements are prospective: the polycarbonate specimen is left for exposure that is
usually short-term (days or weeks) and afterwards measured. Despite that in many cases
the absorbed activity is sufficient to be measured by detecting beta or gamma radiation,
[147] the best sensitivity is achieved by etching and counting alpha-tracks, using the
same methodology employed for measurements in air. Benefits of this method in the case
of radon in water measurements is that the specimens can be exposed directly in the
water source (e.g. directly in the water supply of a village). Thus, the activity of radon in
domestic drinking water can be determined “at the source” as recommended by the
Commission of the European Communities [234].

Concentrations of *’Rn in water are of interest for radiation protection [235],
radon spa balneology [96, 97] and seismology [236, 237]. To date most of the methods
used for measurement of ***Rn in water are based on laboratory analysis of water samples
by means of liquid scintillation counting, emanometry by ionization or scintillation
chambers, or gamma spectrometry [238]. First demonstration of the feasibility to employ
absorption in polycarbonates for quantitative measurement of **’Rn in water was
published by Pressyanov et al. [147]. In these experiments square samples of Makrofol
(thickness 0.3 mm, area 8.75 cm®) were placed in hermetic vessels filled with water with

f *’Rn. The activity concentration of **’Rn in each

222
h

different activity concentrations o
vessel was prepared by mixing water with hig Rn concentration (taken from the
mineral spa “Momin prohod”) and radon-free distilled water in known proportions. The

222
f

activity concentration o Rn in the mineral water was 1595 Bq L' + 6% (lo

confidence level). It was determined by gamma spectrometry with HPGe detector

(ORTEC, relative efficiency of 24.9% and 1.9 keV resolution for the 1332 keV line of
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%Co) in geometry “Marinelli” beaker 1000 cm?, using 295 and 352 keV gamma-lines of
21pp. The activity concentration of “*’Rn in each vessel was calculated using the known
ratio of the volumes of the mineral and distilled water.

The detectors were exposed for a controlled time (48 h). The measurements of the
detectors started 3 h after their removal from the vessels (in order to eliminate the
contribution of the surface plate-out of the short-lived **’Rn progeny). The radiation from

the short-lived progeny, generated by **

Rn absorbed in the detector volume, was
measured by gross beta counting and gamma spectrometry.

The correlations between the signal of the detectors and the activity concentration
of **’Rn are shown in Figs. VIL.1 and VIL2. As can be seen, the correlations are very
good in both beta counting and gamma spectrometry. The minimum detectable activity
concentration (MDAC) was estimated using the approach described in [158]. Assuming 1
h counting time, the estimated MDAC was about 20 Bq L both for beta counting and
gamma spectrometry. Therefore, this method is applicable for measurement of radon
concentration in drinking water since its estimated MDAC is sufficiently lower than the
recommended by the Commission of the European Communities reference concentration

of 100 Bq L™ [234].
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Figure VII. 1. Correlation between the measured net beta counting rate and the
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f

activity concentration of “““Rn in the water samples in which the polycarbonates were

exposed.
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Figure VII. 2. Correlation between the measured net area counting rate of the 352
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keV full-energy peak of ~ "Pb and the activity concentration of “““Rn in the water.

The MDAC can be significantly lowered if the detectors are etched for alpha
tracks. Therefore, dedicated research was carried-out in this direction [148]. Interesting
observation valid for the “track version” of the method for water is that water can be
ignored as a direct source of a-particles, provided that there are no other a-emitters
present in the water in concentrations comparable to that of radon. This is because of the
very high partition coefficient (K=100) for the bisphenol-A polycarbonate in water [142].
A dedicated theoretical model was developed to evaluate the track density as a function
of depth between the surface. Results are illustrated in Fig. VII. 3. As seen, the signal has
maximum at a depth 40 — 60 um beneath the surface. Also from the model it follows that
the surface track density due to radon and its progenies in the water is only about 2% of
this due to radon and its progenies inside the polycarbonate. It appears that in this case
even the tracks on the surface are almost entirely due to the absorbed in the
polycarbonate radon and the step “removal of a surface layer” can be, eventually,

skipped.
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Figure VII. 3. In-depth track density distribution inside polycarbonate detectors
with thickness L=570 um exposed in water at temperature 21° C, obtained by theoretical
model presented in Ref. [148]. The distribution is symmetrical with respect to the middle
of the detector and half of it is shown. The solid line represents the total track density,
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obtained by summing the three components due to ““Rn and its progeny (dashed lines).

The region where the track density is highest is shown magnified.

In the first experiments polycarbonate detectors were placed in water with known

222 o . .
Rn activity concentration of

activity concentrations of “*Rn. Well water was used with
1952 Bq L' + 4.6%. This value was estimated by gamma-spectrometry with HPGe
detector of relative efficiency of 24.9% and FWHM of 1.9 keV for the 1332 keV
gamma-line of ®®Co. The gamma-lines of *'*Pb with energies 295 keV and 352 keV were
used for the analysis. The detectors were exposed in 2 L plastic bottles that were tested to
be hermetic to radon. For each bottle the integrated activity concentration in the water

was determined as:
1=Sn (1), (VIL1)

where Cyp 1s the initial activity concentration of radon in the bottle, A is the decay
constant of *Rn and T is the exposure time. Different initial concentrations were
prepared in the same way, as in the pilot series described above. However, in this

experiment the exposure time for the specimens in different bottles varied (in the interval
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3 — 572 h, but in most cases less than 168 h). During the exposure the bottles were stored
in a room with temperature of 21 + 2° C and after the exposure the detectors were left to
degas for a month at the same temperature.

The correlation between the net track density and the integrated 2

Rn activity
concentrations are shown for three different depths beneath the detector surface at Fig.
VIL.4 a-c. The results clearly show that alpha-track etching of Makrofol detectors
exposed in water can be used for quantitative measurement of “*’Rn in water. Moreover,
we have used this method in the 2009 intercomparison of radon-in-water measurements
conducted by the Nuclear Chemistry Laboratory at the New York State Department of
Health [239]. Our results agreed with the reference concentration within 10% [239]. Our

successful participation in this intercomparison is an argument in favor of the feasibility

of this method.

237



2600
R=0.336

20 I
L]
E 1
'E 150
=
| 1
;E TR

501
o L T ¥ T T
] G000 10G0D 15000 20000 25000

Irfsgrated aotivity concaniration tlw:" qu.h.m':'

T T 1

15|!III|
Iniegrated activity concaniration (1), kg hm”

o 5]:]0 'II:I.'IIIN:II

A

Fe={. 505
000
L)
5
E‘ 1500
ey ://i
£
=00 4
]
D T A T T T b T T
3 T

Iiihagrabed activits concorgation (I_}, kBq.h.m®

Figure VIIL.4. Dependence of the net track density on the integrated activity

concentration o

pm, (c) at the surface.

238

(2)

(b)

(©)

f *Rn in the water. The track density is at: (a) depth 80 pm, (b) depth 60



The lower limit of the method was evaluated by the MDAC following the
approach of Currie [158]. More details about this procedure are provided elsewhere

[148]. The obtained results for 30 days exposure time are given in Table VIL1.

Table VIL1. Detection limit for **’Rn in water determined by etching

polycarbonate detectors, exposed in water, at different depth.

Depth (um) 0 60 80

MDAC (BqL™) 0.069 0.058 0.073

An advantage of the proposed method for measurement of “*’Rn is that
measurements could be made directly in the water source. Despite the relatively long
time required for exposure, simultaneous measurements can be made in a large number of

points. This is useful for monitoring or environmental surveys of water supplies.

VII. 2. External absorber as radiator

A new concept for radon monitors was recently proposed by [240-243]. The concept is to
couple a SSNTD with external foil that absorbs radon and serves as a radiator. The first
experiments, presented in Ref. [240] revealed a great potential for practical applications.
These new dosemeters are remarkable with their compactness and can easily be fitted in
many different objects like personal film or TLD dosemeters, document cases, staff-
officer badges etc. To study the potential of this approach, a theoretical and experimental

research was carried-out.
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VIL2.1. Modeling response of radon track detectors with solid absorbers

as radiators.

VIIL.2.1.1. Source geometry

Once radon atom is caught by a surface trap it further diffuses through the
absorber volume. The model considers gas penetration from the both sides of the plate
plastic radiator. This case can be considered as common, as the detector is not in hermetic
contact with the absorber and radon penetrates freely through the small gap between the
detector and absorber. We have considered two types of absorbers made from
polycarbonate foils of high radon absorption ability [244]. The first type (Fig. VIL.5) was
monolithic absorber. The concentration profile in such absorber is by the theoretical
model described in Chapter V.3.2 and illustrated on Fig. VIL. 5. (right). The second type
(Fig. VII.6) was composite absorber (C-absorber): a stack of several thin absorber foils
stuck together but so that radon can diffuse freely between them. The resultant
concentration profile in C-absorber is stuck by individual profiles of the foils, each foil
considered as M-absorber (Fig. VIL 6). For 80 um C-absorber of 4x20 pm thick absorber
foils the maximum deviation of the real concentration profile from the homogenous one

was within 3%. In modeling we have approximated this profile with “homogenous radon

distribution”.
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Figure VILS5. Illustration of exposure geometry of LR-115/II detector with monolithic
absorber (M-absorber) of 250 um thick Makrofol DE foil. Radon enters freely from both

sides and decreases in depth due to radioactive decay. On the right the activity

concentration profile is shown.
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Figure VIL.6. Exposure geometry with composite absorber (C-absorber) made of 4
Makrofol N foils with thickness 20 um. Radon enters freely from both sides of each foil

and its concentration profile is almost constant.
VIL.2.1.2. Detector response

Detection properties of a SSNTD are described by the “response function” of the
detector. The response function &(E, ) is 1 — if a-tracks appear for alphas of energy E

222

and incidence angle 0, and 0 otherwise. Alpha tracks related to “““Rn are formed by 3

alpha emitting isotopes: “*’Rn, *'*Po and *'*Po (always in equilibrium with *'*Bi). The

*Rn as decay atoms stay

concentration profile of *'*Po and *'*Po is the same as that of
immobilized in the solid matrix. The detection geometry — absorber + detector in contact
with its surface is shown in Fig. VIL. 7. In the present model we assume that tracks are
formed only by alpha particles that originate from the interior of the absorber. This
corresponds to the physical reality when:
e The absorber is sufficiently thick, so the alphas from the front space and
from the radon progeny plate-out on the front surface cannot create tracks.
For example with LR-115/II detectors this is ensured by > 50 um thick
polycarbonate absorber;
e The gap between the detector and the back surface of the absorber (Fig.

VIL7) is very small (e.g. of the order of micrometers) so the plate-out on

the surfaces there can be neglected.
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Figure VIL.7. Geometry of the irradiation by alpha particles of a detection spot AS. The

critical angle 0, is the maximum incident angle at which etched tracks can be revealed.
Under these assumptions, the partial track density from the alphas of the i-th nuclide

(i=1,2,3 refer to ***Rn, *'*Po and *'*Po, respectively) is given by the expression:

cos @
i 2
" Amr

din a,0(E,0)dV (VIL2)

where a; = Ac; is the activity concentration of the i-th isotope. Under equilibrium a; = a;

= a3. Taking into account eqn (V.34) one obtains:

T

n=[[ 200 00avi =k, | 2 dexp(—x/ L)+ Bep(x/ L)y (VIL3)
0 D b

Loy Amt 4’

2
{r.0}

where {r, 8} is the partial volume from which the alpha particles can hit the detection spot

222

so the etched track will be revealed and I, is the integrated ambient “““Rn activity

concentration. Taking into account that x = rcos &
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0,12(0)
n, :%KIOJ J {Aexp(—FCLOSQJ+Be)q)(r(fSlgDsinﬁcosﬁdﬁdr. (VIL4)

D

Physically, the meaning of the distances »; and r, is that the a-particle of energy E,
emitted from a distance in the interval (r;, ;) arrives at the detection point with energy
within the detection window, e.g. within the interval (£, Ey). Let Ry(6) and R, (6) are the
a-particles ranges corresponding to the energy of the upper (Ey(6)) and lower (E;(6))
energy threshold for detection at this angle €. For detectors Kodak Pathe LR-115/11
always Ry(6) <R;, where R; is the range of a-particles from the i-th isotope. In such case
r2(0)=R;-R;(6) and r;(6)=R;-Ry(6). However, for CR-39 detectors there are angles (&
<¢) for which Ry(6)>R;. In this case »,=0. The range-energy dependence of [90] has
been used, along with the response function to obtain the functions Ry(6) and R;(6).
These functions for Kodak Pathe LR-115/II and absorber of Makrofol are shown in Fig.
VIL. 8.
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Figure VII. 8. Lower Ry and upper Ry threshold ranges as dependent on the incident
angle O for detector Kodak Pathe LR-115/I1. At any 0 the detection window is between
RL and RU.

Response to radon is described in terms of CF. According to the above model, the

CF is given as follows: CF = CF;+CF,+CF’3, where, for the case of M-absorber:

Hch(g)
CF_:lKJ'J'(Aexp[—r(fsaJJrBexp(rcl?sgj]sinecosed&lr=%KLDJI., (VIL5)

where:
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J, = j[A[l - exp(—%ﬁw)cos QJ] + B[exp[R"_L—RL(e)cos 9] —ljJsin 0do +

R —R R —R
exp[— LY cos Gj—expi— IL L cos Hj]sin odo + (VIL6)

D

e><p[RiL_RL cos Gj—em(RiL_RU cos H]Jsin 6do
D D

For the case of absorber with homogeneous concentration profile, one obtains:

8. 1,(6) 6,
CF, =1Kj j drsmecosade_—KH j r,(0) — r,(6)]sin O cos 616 =
0 1(6) 0

. (VILY)

- %K{ R, ~ R, (6)]sin 6 cos a6 + [[R, (6) - R, (6)]sin O cos ade}

The equations VII.6 and VII.7 are presented in a general form, suited also for CR-39. To
use them for modeling LR-115/I one should substitute 6=0. The values of J;
(dimensionless) and H; (dimension of length) have been numerically calculated. The
obtained CF is in units of length (e.g. um if Lp and H are expressed in pum). To obtain it
in more common units one can use eqn (V.52). Examples of model dependences are

illustrated in Fig. VIL.9 and Fig. VIIL.10.
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Figure VIL.9. Calibration factor for CR-39 and LR-115/II detector with M-absorber of
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Figure VII.10. Calibration factor for CR-39 and LR-115/II detector with C-absorber of

thickness 80 um (4x20 um) at different temperatures.
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VII. 2.2. Experiments with dosemeters with solid absorbers as radiators

To verify the theoretical model dedicated experiments were organized [245]. Two
types of polycarbonate material was used: Makrofol DE and Makrofol N. The partition
coefficient K for Makrofol DE has been studied in two independent series of experiments
[142, 171] which give coherent value of about K =25 + 10% at room temperature. For
Makrofol N Tommasino et al. [240] reported value of K =40 £ 5. We have used these as
input values in our model calculations. In the conducted experiments detectors with
different absorbers were placed in a variety of different packages — film and TLD
personal dosemeters, conference badges etc. (Fig. VIL.11). In nine of the packages a
couple of detectors were arranged — with M-absorber and C-absorber. The absorbers were
fixed on Kodak-Pathe LR-115/I detectors as shown in Figs VIL.5-6. The designed
dosemeters were exposed to known radon activity concentrations using the set-up shown
in Fig. VII. 12. The results showed no systematic differences between detectors with
identical absorbers placed in different packages (Fig. VII.13). The comparison between
theoretical values and experimental results revealed that in all cases the experimental
response is about 10% higher than the model estimates. Albeit this difference is within
the range of the uncertainties of both experimental and model values, it is systematic, so
we cannot exclude a real bias. One possible reason for this can be the difference between
the real partition coefficient and the value used in the model. As the present experiments
were not conducted under controlled temperature, a difference between the average
temperature during exposure and the temperature to which the model value is related can

explain this bias.
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Figure VIL.11. (A) Photo of empty badges and envelopes, used in experiments. (B)
Badges and envelopes with radon films inside. In each package a SSNTD with M-

absorber and/or C-absorber is placed — in some cases several different absorbers are used.
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Figure VIL.12. A scheme of the experimental set-up used for exposure of the dosemeters.
Radon was supplied by a certified emanating radium source. The activity concentration

of radon was monitored by an AlphaGuard radon monitor.
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Figure VII.13. Response of detectors with identical absorbers placed in different
packages. The lines indicate mean + 1 SD interval (see [246]). (A) with 250 pum thick M-
absorber, (B) with C-absorbers.
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VIL. 3. Combined Retrospective Measurements of *’Rn and ***Rn

VIL.3.1. The concept

In the last years the scientific community became increasingly interested in the
thoron (**’Rn) problem [191, 247]. The reasons are partly in the non-negligible, in some
cases, thoron exposure and partly in the influence of the thoron presence on radon
measurements [248]. Analogically to the case of 22Rn, the retrospective dose estimates

are representative for the risk related to *2°

Rn. However, until recently no methods for
retrospective “*’Rn measurements have been developed. This gap is recognized by the
thoron research community and the use of CDs for that purpose was suggested [191].

The task to expand the CD method for retrospective thoron measurements was a
challenge. One possibility to do this was proposed by the author in 2011 [249]. The key
idea is to study the signal at two depths beneath the surface. The signal in the first

220

(which should be in the interval 64-76 um) is created by sources, related to ““"'Rn and to

the absorbed ’Rn (R+T signal). The signal in the second depth (that should be >76 pm)
is due only to the absorbed ***Rn and its progeny (R-signal). In chapters V and VI the use
of this R-signal for measuring ***Rn is described and demonstrated. For the purpose of

222Rn contribution

measuring **’Rn the R-signal is used also to determine and subtract the
to the R+T signal in the first depth. The remaining “thoron component” (T-signal) is used
to measure “*’Rn. The sensitivity of this approach is analyzed by theoretical modeling.
The results demonstrate promising potential for combined retrospective measurements of

thoron and radon.

The irradiation geometry is shown in Figure VII. 14 and the concept of “R” and “T”

signal is illustrated in Fig. VIL 15.
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2R N8Py 24Py ZIRp 216pg 21ZR) 212pg

Figure VII.14. Maximum depths at which alpha-tracks could be formed in the disk by
the alpha-particles of **’Rn, **’Rn and their decay products present in the air or plated-out
on the disk surface. The tracks formed at depths between 64 um and 76 um are due only
to 2'?"o (decay product of *°Rn) on the disks surface and to “**Rn absorbed in the disk
and its progeny. At depths greater than 76 um the tracks are formed only by the absorbed
**?Rn and its progeny.
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Figure VII. 15. The depth distribution of the signal in a CD. Depths < 64 um (the
marked area) are not used for analysis. The resultant signal at 64-76 um (R+T) is a sum
of two components: R-related to the absorbed “*’Rn and T — related to thoron (***Rn). The

222Rn and is used to calculate and

signal at > 76 um is related only to the absorbed
subtract the “radon component” from the summary R + T signal at depths 64 — 76 um, as

described in Ref. [249].
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Figure VIL16. Cross-cut of CD/DVD jewel-case. Jewel cases are not hermetic and ***Rn
/*%Rn can enter inside them. Typically, there is gap of about 1 mm below the CD/DVD.

Both radon isotopes present in this gap expose the disk.

VIL.3. 2. The model

Almost all the time most of the home CDs/DVDs are stored in their jewel cases. The
front side (this is the side of the disk that is hit by the laser beam of the player) looks to
the bottom of the jewel case from a small distance (about 1 mm in most cases, considered
by the author). The jewel cases are not hermetic and the gases enter and diffuse freely
(Fig. VIL 16). Therefore, the air in the internal space of the case contains ***Rn, **Rn
progeny (218Po, 214Pb, 214Bi+21Po), 2°Rn, 2°Rn progeny (2'Po, 212Pb, 212Bi+212Po/ 2% T1).

The sources, related to *°Rn are:
(1) The absorbed **°Rn (and its progeny) in the disk material;

(2) The plate-out of *’Rn progeny on the disk surface and the internal walls of the

jewel case;

(3) *°Rn and *°Rn progeny in the internal space air. First, the relative strength of the

sources (1), (2) and (3) will be considered.
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Source (1): The partition coefficient K of the isotope *’Rn in the polycarbonate material
is the same, as that of **’Rn (K~25 at room temperature). However, because of the short

half-life of **°Rn (55.6 s), the diffusion length (Lp = (D/A)"?, where D is diffusion
coefficient of radon in the material: D = 5.4x10™"°> m? s at 20° C, and A is the decay
constant) of **’Rn is much shorter than that of *’Rn. For instance, the diffusion length of
*2’Rn in bisphenol-A in the temperature interval 5 — 38° C is in the range 42 — 97 um
[139]. In the same temperature interval, the calculated diffusion length of *°Rn is 0.54 —
1.26 um. Thus, in contrast to “’Rn the absorbed “*’Rn and its progeny is concentrated
very close to the disk surface. It can be obtained, using the model described in Ref. (171),
that the “’Rn absorbed activity per unit disk surface is As“”” = KC,Lp, where C, is the

220

ambient ““"Rn activity concentration. Under radioactive equilibrium each of the surface

activities of *'*Pb and ?'?Bi, related to the absorbed **’Rn, is equal to A5“".

Sources (2) and (3): As demonstrated in many studies (e.g. Ref. [250]), there is an

extremely high disequilibrium between **°

Rn and its progeny in the air. Therefore, the
presence of *’Rn decay products, coming from the room air in the interior of the jewel
case will be neglected. Only these that originate from **’Rn inside the gap between the
disk and the bottom of the jewel case will be considered to contribute to the plate-out of
interest. The diffusion coefficient values, reported for the “fresh” radon progeny atoms in
air (see e.g. Ref. [69]) are usually in the interval: 0.005 — 0.1 cm® s™. The average time
needed for these atoms to diffuse through the distance of 1 mm (the air gap) between the
disk front surface and the bottom wall of the jewel case is 0.1 — 2 s. This time is
comparable with the half-life of 21%pg (0.15 s) and much less than the half-life of *'*Pb
(10.6 h) or *'*Bi (60.5 min). Therefore, one can consider all generated, after 220Rn/21%Po
decay in the interior, ?'*Pb and *'’Bi atoms to be plate-outed on the internal surfaces and
their presence in the air inside (source 3) is fully negligible. Under equilibrium with

*2Rn, the plate-out activity of *'*Pb or *'

Bi on the two surfaces (that of the disk and its
projection on the looked by it bottom wall) is equal to that of **°Rn in the interior volume
between these two surfaces. Therefore, for the plate-out surface activity As®™ of 2'*Pb or

2124 - . . [ 4 22 .
Bi, under radioactive equilibrium with **’Rn, one obtains:
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AsP? 28 = CuV = Cy S h = AP = C4h/2, (VIL8)

where V'=S.h is the considered interior volume, S is the area of the disk front surface, as
well as the area of its projection on the bottom wall, and /4 is the air gap width. In the
present numerical estimates # = 1 mm is assumed, albeit some variations between

212

different CD/DVD jewel cases are possible. Note that 2'*Po activity is 7x(*'*Bi activity),

where 77=0.64 is the probability of *'*Bi beta decay to *'*Po.

The numerical analysis showed that only sources (1) and (2) can contribute (by the
alpha particles of 2'*Po) to the signal at 64-76 um, while contribution from the source (3)
is negligible. Note that with K =25, Lp = 1.26 um (1.26x10” mm) and /# = 1 mm one can
easily realize that AgP” >> A®™. Still, this result was obtained for bisphenol-A based
polycarbonates, a material of remarkable high radon absorption ability. The solubility in
the plastic material of the jewel case is unknown to the author. The radon absorption in
the jewel case material is conditionally neglected in this report, but can be re-considered

in the future with more data available.

After consideration of the alpha-particles from the different alpha-emitting
isotopes and their ranges in the disk material, together with the energy window for track

detection, 3 depth-intervals beneath the disk surface can be distinguished:

e < 64 um. The origin of the signal in this interval is complicated. Alpha particles
from different isotopes can contribute (plate-out from *22Rn and **°Rn progenies,
*22Rn and **°Rn in air, absorbed radon etc.). Due to the more complicated analysis

needed, the signal in this interval will not be considered in present report;

e 64-76 um. The tracks (“R+T” tracks) in this interval can be created by 8.78MeV
alphas of 2'*Po (plate-outed and due to the absorbed **’Rn) and by the absorbed in

the volume ***Rn and its progeny.
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e >76 pum. The “R-tracks” here are created only by the absorbed ***Rn and its

progeny.

Using “R” to calculate “T” from “R+T” is not a matter of simple mathematical
subtraction, as R-signal is different at different depths. This depth dependence is
theoretically modeled in Ref. [171]. The model is based on the volume distribution of the
absorbed “?Rn and the response function of electrochemically etched polycarbonate
material. This model was applied, using the measured “R-signal” at the second depth to

calculate the R-component in the “R+T signal” at the first depth.

VII. 3. 3. Efficiency for track production

First, the efficiency for track production (this is the ratio: net track
density/number of *'*Po decays per unit surface area) at different depths due to the alpha-
particles of surface *'*Po (8.78 MeV) has been modeled. As the range of 8.78 MeV alpha
particles in air (about 8 cm) is much greater than the 1 mm width of the air gap, we will
assume that the disk surface is bombarded by alphas of the same energy coming from the
plate-out on the two opposite surfaces — those of the disk and the opposite bottom wall. In
the depth interval 64-76 um, the only detectable alpha particles from a surface source are
those of *'*Po. However, these alphas arrive at any given depth with different energy.
Only alphas of energy and incident angle that fall within “energy and angular window”
for registration can create etched tracks. Therefore, to model the efficiency for track
production, the source geometry was combined with “range-energy” data for alpha-
particles in Makrofol and with the response of Makrofol detectors to alpha particles. The
model dependence is illustrated in Fig. VIL.17. As seen, the efficiency considered has
maximum at about 69um. The next analysis will be done for this depth, considered as
optimum. The “R-depth” is taken of 80 pum.

As the emission-rate (per unit surface) of '*Po alpha particles is 7x(2457” + A5“")

= nx(C4h + C4KLp) , for the net track-density rate related to thoron one obtains:
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n=enC,(h+KL,) (VIL9)
Therefore, for the net track-density:
n=enl (h+KL,), (VIL10)

where n is the net track density (cm™) & (dimensionless) is the efficiency for track

7:3xp
production, / , = IC dt 1is the time integrated 2%Rn activity concentration (e.g. in units
0

kBq h m™), over exposure time Texp- Respectively, the “thoron calibration factor” (CFr=

T-track density/integrated “*’Rn activity concentration) is given by the expression:

CFT: n/IA = E?](h+KLD). (VHI 1)

The numerical value, in conventional units, obtained in the present case (with 7 =1 mm)

is CF7=10.0116 cm™ kBq'h™'m’.
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Figure VIL17. Efficiency for track production of *'*Po alpha particles (8.78 MeV) from
a thin surface at different depths beneath the front surface of CD/DVD.
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In real measurements, the experimentally obtained values, after disk etching, will
be the net track density at two depths: 69 pm (nz:7) and 80 pum (n). Let p = (**Rn
signal at 69 pm)/(***Rn signal at 80 pm). Numerical values of p were calculated using the
model of Ref. [171], which describes the depth dependence of the radon signal. The
values of p within the temperature interval 10° — 30° C, vary from 1.27 to 1.14. The mean
value of p=1.21 was used in present modeling.

Therefore, the “thoron” signal (n7) at 69 pm is:

NR+T7- PAR = AT, (Vle)

where np-7rand np are the defined above net track densities at 69 pm and 80 pum.

Respectively, the integrated thoron concentration is:

IA = I’lT/CFT. (VH.13)

*Rn +

In the environment the isotopes of radon in air are always present in mixture:
*Rn (*"Rn usually negligible). As there is no “pure thoron signal” in any part of the
disk volume, the determination of **’Rn is always dependent on the level of **’Rn. The
author has modeled 7z, nz+rand ny for different levels of ***Rn and **Rn. The modeling
was for standard ECE conditions used in previous works with CDs/DVDs. The results
indicated that the quantitative measurement of *’Rn in presence of ***Rn is possible in

wide range of concentrations that can be met in practice and under various mixtures of

222 220
Rn and ““"Rn.

Present evaluations are pilot estimates only. At this first stage the purpose was to
study, by modeling, whether home stored CDs/DVDs can be used for retrospective
measurements simultaneously of radon and thoron. The answer is yes and the results
appear to be feasible. However, the analysis uses several simplifying

conditions/assumptions, €.g.:
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The method can be correctly applied only for disks that are exposed to the room
air being stored almost all the time in their not hermetic jewel cases;

The *°Rn concentration in the interior of the jewel case is homogenous and equal
to that outside the case. This can be a crude approximation, as the diffusion length
of ?°Rn in air is relatively short (2.5 - 3 cm) and its concentration can vary over
short distances. In addition the place of storage of the disk case can play role, that
is hardly to model and should be studied experimentally.

The interior of the jewel cases, in particular the distance “A”, can vary between
different brands of packed CDs/DVDs. However, this method offers the
possibility for individual a posteriori calibration. This approach has already been
successfully employed for ***Rn measurements by CDs/DVDs. The key concept
is part of the analyzed disk to be additionally exposed to controlled concentrations

*Rn). The increment of the signal in a

of the measured isotope (***Rn or
posteriori exposed part over that in the not additionally exposed one is used to
determine the individual calibration factor. Still, the technical procedures for such
calibration with thoron are to be specified, but the conceptual background remains

the same.

Therefore, in practical version of the method an use of an empirical quantity

“diffusion resistance” Rp will be necessary (Rp = CF,/CFeyp). To address these points

a dedicated pilot experiments were organized [243].

VII. 3. 4. The Pilot Experiment

In the present experiments the disks were exposed to pure thoron atmosphere,

therefore the "R-signal" was actually equal to the background signal. The scheme of

the experimental set-up used is shown in Fig. VII. 18. Thoron is supplied by dry old

thorium nitrate. The air flushes through the entire loop with flow rate, that is

controled by a calibrated rotameter and kept 1 L min" + 5%. The reference thoron

measurements are made by a calibrated Lucas cell of volume 500 cm’. At the

beginning of a reference measurement the air-flow was stopped and the counter of the
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Lucas chamber was switched on simultaneously. During the measurement the
decrease of the signal was followed. There are two components in the time
dependence of the counting rate (Fig. VIL19). The fast is due to *°Rn + 2'°Po and
decreases with the half-life of *’Rn. The slow component, assumed practically
constant for the considered time intervals, is due to the long-lived “*Rn progeny
('?Pb, 2“Bi + *"*Po/*®Tl) on the internal cell walls. To estimate these two
components two time intervals of the measurement were considered: 0-200 s and 600-
800 s. As the fast component effectively fades till the beginning of the second
interval, the net-number of counts in the interval 0-200 s corresponding to the fast
component was calculated as ny=(n;-n,), where n; and n, are the counts in the first
and the second interval, respectively. The counts ny are used as an input value for the
calculation of **’Rn activity concetration. This concept for thoron measurement is
similar to that used by other authors [252]. Other factors taken into account were
Lucas cell calibration data [103] and inflow decay of 22Rn (e.g. [253]). The reference
integrated concentration was calculated by multiplying the average **’Rn

concentration by the exposure time (with air flow breaks subtracted).
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Figure VII.18. Experimental set-up. Continuous air-flow flushes thoron from the

source vessel (with old thorium nitrate) to the exposure vessel and Lucas cell.
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Figure VII.19. Reference thoron measurement. Decay curve (fast + slow

component) in the cell after air-flushing is stopped.

In the conducted experiments two exposures of Verbatim DVDs were made. This

type of disks were used in previous calibration experiments and they showed sensitivity
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Lucas chamber was switched on simultaneously. During the measurement the decrease
of the signal was followed. There are two components in the time dependence of the
counting rate (Fig. VI1.19). The fast is due to ?°Rn + ?°Po and decreases with the half-
life of ?°Rn. The slow component, assumed practically constant for the considered time
intervals, is due to the long-lived *Rn progeny (***Pb, 2*?Bi + **?Po/?®*T1) on the internal
cell walls. To estimate these two components two time intervals of the measurement were
considered: 0-200 s and 600-800 s. As the fast component effectively fades till the
beginning of the second interval, the net-number of counts in the interval 0-200 s
corresponding to the fast component was calculated as ny=(n;-n;), where n; and n, are the
counts in the first and the second interval, respectively. The counts ng are used as an input
value for the calculation of “*°Rn activity concetration. This concept for thoron
measurement is similar to that used by other authors [252]. Other factors taken into
account were Lucas cell calibration data [103] and inflow decay of *’Rn (e.g. [253]). The
reference integrated concentration was calculated by multiplying the average “*°Rn
concentration by the exposure time (with air flow breaks subtracted).
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Figure VI1.18. Experimental set-up. Continuous air-flow flushes thoron from the
source vessel (with old thorium nitrate) to the exposure vessel and Lucas cell.
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Figure VI11.19. Reference thoron measurement. Decay curve (fast + slow component)

in the cell after air-flushing is stopped.

In the conducted experiments two exposures of Verbatim DVDs were made. This type of

disks were used in previous calibration experiments and they showed sensitivity
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to radon close to the average sensitivity of other brands of disks. In the first one DVDs
were placed in different jewel cases. This was done at reference integrated *Rn activity
concentration of 34.8 MBq h m™. The second exposure was of bare disks at reference
integrated “Rn activity concentration of 3.4 MBq h m™. The combined relative
uncertainty in these reference values was about 10%. The combined uncertainties were
determined following standard procedures for data processing and propagation of the
uncertainties [42, 246]. All presented uncertainties are at the level of one standard
deviation uncertainties. The bare disks (second exposure) were either with open front
surface or with surface partly shadowed by an external cylindrical object placed close
(about 2 cm) to the surface (Fig. VI1.20). The shadowed disks were used to see whether
external object close to their surface would influence the signal. After exposure the disks
were left in thoron-free atmosphere for 3 days before etching, in order to wait for thoron
progeny to decay. The removal of the target layers (69 um and 80 um) from the surface
was by chemical pre-etching (CPE). After that, electrochemical etching (ECE) was
applied. The tracks were counted automatically, by a computer scanner and dedicated
software [151].
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Figure VII. 20. Exposure geometry of bare detectors with open and shadowed

disks. The cylindrical objects are &75/80 mm metal cans.
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The results for the disks exposed in jewel cases are shown in Fig. VII. 21. As
seen, there are significant variations between CF values for different "detectors”. The
differences are up to factor of four. We used different jewel cases with different
construction and disk's position inside, while all DVDs were from the same brand.
Previous experience has shown, that disks of one brand have the same track-etch
properties.  Therefore, we interpret the differences as due to different "diffusion
resistance” of the jewel cases used. The average Rp for disks in different jewel cases was
about 14. Without any individual calibration the measurements can be considered more
likely semi-quantitative. However, one benefit of the method is the possibility for
individual a posteriori calibration, already employed for **Rn measurements. The
concept of this calibration mode is to expose part of the disk to controlled reference *’Rn
concentration. As in the case of ?°Rn the differences in CF are due to differences in the
jewel cases' geometries, the a posteriori calibration has to account for that differences.
That could be done by exposing a new disk in the particular jewel case. Experiments
aiming to study this option are planned for the future. With this procedure more precise

quantitative measurements can be targeted.
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Figure VII. 21. Experimental results for CFs of DVDs in different jewel cases.
The dashed lines confine the one standard deviation interval around the mean (solid

line).
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The results from the second exposure experiment are shown in Fig. VII. 22.
Clearly, the shadowed disk has twice lower signal than that of the disks with open
surface. That demonstrates that the exposure geometry of bare polycarbonate surfaces can
hardly be defined precisely. On the other hand the bare disks show much greater CFs than
that of disks in cases. This is summarized in Table VII. 2.
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Figure VI1. 22. Experimental results for CFs of bare and shadowed DVDs.

The results of the first exposure scenario indicate that the sensitivity is dependent
on the specific design of the jewel case in which the disk is stored. The variation among
different detectors was up to a factor of four. The CF of bare detectors and the achievable
sensitivity are much higher (Table VII. 2). However, for this case an evidence was
obtained that the signal depends on presence of nearby external objects that shadow the
disk surface. As the deposition of radon/thoron progeny atoms on surfaces is strongly
dependent on their geometry, any object placed nearby to the disks surface affects
deposition and thus the T-signal, too. Therefore, quantitative measurements by this mode
would need further experimental studies and theoretical modeling of thoron progeny
deposition. However, it should be mentioned, that the potential for sensitive
measurements made by bare CDs/DVDs, and possibly by other open plates of other

household objects made of the same polycarbonate material, merit further research in this
direction.
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Table VII. 2.

Disk exposure CF (cm*?/MBqg h m™)
Bare 144 + 17
Shadowed 638
In jewel case 0.83+£0.40

Analysis of disks from real houses for thoron started in 2011, simultaneously with
laboratory experiments. In data analysis the average CF for disks in jewel cases (Table
VII. 2) was used. Interesting observation was that we found two houses with
exceptionally high thoron concentrations in them, while radon concentrations are
relatively low (Table VII. 3.). This observation demonstrates the importance of
simultaneous retrospective measurements of thoron/radon by CDs/DVDs and the need to
facilitate these measurements for practical application. The reason is that many radon
measurements are made to identify high radon dwellings that need mitigation. On the
other hand, substantial proportion of commercial radon detectors used for that purpose
are sensitive to thoron as well [248] and would detect false "high radon concentrations".
In such case houses like these detected by us (with high thoron and low radon levels) can
be wrongly recommended for mitigation against radon. This would result in wasting
significant expenses, as the mitigation systems for radon would have little, if any, effect
on thoron. Analysing one CD/DVD can prevent such false alarms, save expenses and
draw the attention to the real problem.

Table VII. 3.
House Radon (Bq m™) Thoron (Bq m™)
House 1 34+9 830 £ 400
House 2 75+19 3400 + 1600
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Albeit this is a pilot study, it points out a certain potential of the method for
practical use. Analysing real disks by the presented methodology, we have observed
houses with exceptionally high thoron concentrations, but with normal radon levels. If
such houses are studied by commercial radon detectors that are sensitive to thoron (which
is typical for many commercial detectors [248]) wrong decision for mitigation can be
taken and substantial expenses wasted. At this point, analysing one CD/DVD, even
semiquantitatively, can show if thoron is present at such levels that could affect radon

detectors and mislead data interpretation and decision process.
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VIIl. CONCLUSION

In summary the essence of the results presented in this dissertation include:

Methodological studies of integrated measurements of 22Rn by diffusion
chambers with SSNTD and with combined detectors (SSNTD + TLD).
The response of Kodak-Pathe LR-115/11 detectors and automatization of
the track counting are addressed. The calibration and the procedure that
ensures traceability to a primary ?’Rn standard are described. Special
attention was focused on the distribution of Rn progeny atoms inside
diffusion chambers. Analytical mathematical expressions that describe
this distribution are derived.

A comprehensive mathematical algorithm for grab-sampling methods for
measurement of Rn progeny and **Rn progeny is developed.
Applications for a-counting methods (both gross counting and
spectrometric) are considered, with numerical examples.

A method for integrated measurements of individual ?’Rn progeny (***Po,
214pp and 2Bi+*'*Po) and #°Rn progeny (***Pb and #*?Bi + **?Po/?%TI) is
described. The method employs uniformly rotating filter faced by
absorber-covered SSNTDs. The mathematical algorithm for data
processing is developed and results from laboratory and field experiments
are presented.

Data for *?Rn progeny exposure of underground miners in major
Bulgarian uranium and some metal mines is comprehended. It is used to
study the correlation between bronchial pre-neoplastic lesions in miners
and their “’Rn progeny exposure.

Results from radon surveys made in risk areas in Bulgaria are presented.
These areas include the village of Eleshnitsa, the town of Rakovski and
areas near Sofia affected by the uranium industry.

A new method for radon measurements is proposed. It employs the high

radon absorption ability of bisphenol-A based polycarbonates.
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Experimental study of the influence of different factors has been carried
out. Theoretical model of the sorption/desorption process and of track
detection were developed. Application of the method for measurement of
222Rn in water was proposed and demonstrated.

e On the basis of the polycarbonate method a new method for retrospective
222Rn measurements based on the use of home stored CDs/DVDs was
proposed. Procedures for a posteriori calibration and a posteriori
temperature correction were proposed and tested. Laboratory studies and
measurements in real dwellings were carried-out.

e A method for combined retrospective measurements of ?°Rn (thoron) and
222Rn is proposed. It is based on the use of home stored CDs/DVDs and
study of the track signal at two specified depths. Theoretical modeling an
pilot experiments were carried-out.

e Theoretical and experimental study of radon detectors that employ
polycarbonate absorbers/radiators coupled with external SSNTDs is
performed. Different designs of radon film dosemeters were tested and

results summarized.
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ANNEX |

GLOSSARY

Some terms might be considered as uncommon. Therefore, we give here their definitions
following ICRP Publication 115 [19]:

 Radon progeny: ?®Po, ?*Ph, #*Bi + #*Po; thoron progeny: ?'°Po, #?Pb, #?Bi +
212PO/208T|.

e Equilibrium equivalent concentration (EEC): The activity concentration of
radon, in equilibrium with its short-lived progeny that would have the same
potential alpha energy concentration as the existing non-equilibrium mixture.

e Equilibrium factor (F): The ratio of the equilibrium equivalent concentration to
the radon gas activity concentration.

e Potential alpha energy concentration (PAEC): The concentration of short-lived
radon or thoron progeny in air in terms of the alpha energy released during
complete decay to #*°Pb for 2Rn progeny or to ?®®Pb for ?°Rn progeny.

e Working level (WL): Any combination of the short-lived progeny of **’Rn in
one litre of air that will result in the emission of 1.3x10° MeV of potential alpha
energy. 1 WL = 2.08x10° J m™®,

e Working level month (WLM): The cumulative exposure from breathing an
atmosphere at a concentration of 1 WL for a working month of 170 hours.
1WLM =354x10°Jhm™*,
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ANNEX 11

EXAMPLE OF APPLICATION: AN INTEGRATED APPROACH TO
THE RADON PROBLEM

Albeit the primary goal in development of the CD/DVD method was for
retrospective measurements (needed e. g. for epidemiology) the practical performance of
the method suggested, that CDs/DVDs can be used to “pinpoint” radon problem. Our
experience indicates, that dwellings with problem (e.g. in which the WHO level of 100
Bg m™ is exceeded) would be detected by any more than one year old disk. In the last
years this possibility was used to build an integrated approach to the radon problem.

The common practice to date needs long-term (> 3 months, as recommended by
WHO [1], and preferably one year) measurements to be planned and carried-out. The
results are usually available months or a year after the detectors are distributed in the
studied dwellings. This “too many time” between the decision to test and eventual
problem identification affects the stakeholders’ attitude and can reduce the concern about
the reality of radon hazard and the need of measures to reduce it. However, a step ahead
is possible, using CDs/DVDs as available, practically in any dwelling, “radon sensors”.
This way, one can check almost immediately the radon situation in his house, as the disk
processing takes several hours and the results can be available on the same or the next
day after the disk is provided. Still, the results are based on long-term integrated
measurements as WHO recommends, but concentrations are evaluated “in retrospect”.

The concept is to use CDs/DVDs as available serendipitous indoor radon sensors
that can be used to pin-point dwellings with problem in short-time after the decision to
provide disk for analysis. Any disk purchased more than one year ago is suitable for that
purpose. Indeed, as follows from Table V. 2., the minimum detectable *’Rn activity
concentration for one year exposure is about 30 Bg m™. This means that with a disk that
is more than one year old there is no danger of omitting buildings with radon levels
increased in the range of concern (> 100 Bq m™, according to the WHO criteria [1]). The

probability of “false alarm” is low: The study of the background in 19 different new disks
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showed the average value of 6.3 cm™, with 18 out of 19 disks showing less than 11 cm™
individual track density and only one “outlier” with track density of 49.6 cm™ [232]. If
this is considered as representative background distribution between the new disks, there
will be no “false alarm” in case of 5 years old disks and only one out of 19 with one year
old disks. Such probability for false alarm (about 5% with one year old disks and lower
with older disks) is sufficiently low, moreover additional radon measurements can verify
the first warning signal.

Consider the basic process: “detection — diagnostic measurements —
mitigation”. The possibility to detect the problem in short time after decision to provide
one or more CDs/DVDs for analysis makes it possible the entire process to be considered
as an united whole, with continuous sequence between the individual steps, and which
can be controlled and supervised by a single radon expert/team. Somewhat this is an
analogy with the process “symptoms — diagnostic — therapy” in medicine that in most
cases is supervised by one medical doctor/team, with no significant breaks between the
steps. Once the problem is detected and if the stakeholder is concerned, the next step is
diagnostic measurements. This step takes normally about one-two weeks. It aims to check
once more whether the alarm is real, to analyze radon distribution in the building, to find
and explore radon sources and routes of entry.

This approach was used in testing, diagnostic and mitigation of public buildings
(kindergartens and schools) in the region of Kremikovtsi. Once ?’Rn concentration > 300
Bg m™® was detected comprehensive diagnostic measurements were organized and
carried-out when Upon the results, the mitigation plan was prepared and mitigation steps
initiated. In diagnostic step the “Rn measurements were made by calibrated
radonometer RAD 7 and that of 22Rn progeny by an aerosol radiometer RV-4. Radon in
soil gas measurements were made by diffusion chambers exposed (at 60 cm depth) for
few days and radioactivity of soil/building materials was analyzed by gamma
spectrometry. A description and methodological details of most of the methods employed
in radon diagnostic is given in Chapters Il and I1l. To have an efficient mitigation plan, it
IS important to study the radon distribution in soil-gas (“the source”) and indoors, as in
large public buildings the concentrations in different rooms can vary substantially (Fig.
All.1).
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Figure All.1l. Radon distribution in different rooms of one-storey kindergarten.

The third step of the process is mitigation. The choice of mitigation strategy and
mitigation plan are much dependent on diagnostic measurements. The mitigation is
executed by a company specialized in construction/repair of buildings under the technical
supervision of a “radon team/expert” and following available technical standards [133,
134]. Within this integrated approach the interval between the very first indication for the
problem to the complete mitigation of the building can be significantly shortened as the
stakeholder is not de-motivated by “too many time needed to have some conclusive
results”. In 2012 in region of Kremikovtsi nine building with elevated radon
concentrations were mitigated. The radon problem in some of them was identified by
analyzed CDs/DVDs (somewhat curiously, in two of the problem dwellings - one school
and one kindergarten the disks were taken from TV-reporters and on 26 January 2012
the national TV (BNT2) arranged “hot reportage” from the author’s laboratory to show
just obtained results). Later, in April 2012 the Ministry of Health issued official
recommendations for reducing radon levels in nine buildings, that were based on
independent long term prospective measurements. The author cannot refer to their results

as they were neither publicly available nor personally communicated to him. Notably
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however, the buildings with problem already identified with our measurements by

CDs/DVDs were present in the list. These nine buildings were:

. Secondary school Nr. 117 (branch Seslavtsi);
. Kindergarten Nr. 44 (Botunets);

. Secondary school Nr. 85 (Vrazhdebna);

. Basic school Nr. 159 (Chelopechene);

. Kindergarten Nr. 94 (Bouchovo)

. Kindergarten Nr. 58 (Chelopechene);

. Kindergarten Nr. 146 (Kremikovtsi);

. Basic school Nr. 116 (Yana);

. Kindergarten Nr. 47 (branch Yana).

© 00 N o O B~ W N e

For all of them the local municipality decided to mitigate against radon (for two
of them this was decided even earlier — in March 2012, due to the early warnings for the
radon problem). The author provided technical consultancy and supervision for
mitigation of all nine buildings. The mitigation works were completed by 15 September
2012 everywhere and the results of mitigation can be seen in Fig. All.2. Together with
other two buildings mitigated in 2007 and 2008, to date the author has supervised
mitigation of 11 buildings — one private and 10 public.

A case that illustrates the strength of the integrated approach is taken from our
practice in 2012: A disk from the kindergarten Nr. 47 showed ?*’Rn of about
1100 Bq m. Diagnostic measurements confirmed the problem. Under “closed for 24
hours” conditions the measured ?Rn concentrations at the ground floor ranged in
different rooms between 1200 and 2200 Bq m™ (average about 1500 Bg m™). To solve
the problem, an active mitigation system with sub-slab depressurization at two points was
planned. The position of the aspiration points was chosen taking into account radon
distribution indoors and in soil-gas. After the system was started the concentrations
dropped everywhere to <100 Bq m™. The time scale of the entire process was as follows:
The CD was analyzed at the end of March 2012, the mitigation works started in the very
beginning of April and mitigation was complete in the first week of May 2012. The total
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duration of the process was about 6 weeks. With the traditional approach based on
prospective integrated measurements only the detection step should need between 3
months and (preferably) one year and the next steps, if any, could be even more delayed.
The CD/DVD method allows to develop and put in practice a new integrated approach to
the radon problem. Under this approach the entire process “detection — diagnostic —»
mitigation” can be considered as an united whole that can be closely controlled and the

risk successfully reduced in sufficiently short time.
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Figure All.2. Effect of mitigation: (A) average ?Rn concentrations (ground floor); (B)
rooms of maximum “?’Rn concentrations. The horizontal line represents the current

Bulgarian norm for existing buildings [135].
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